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ABSTRACT

Melanoma is an aggressive tumor with a high degree of metastasis and limited
therapeutic options. Yes Associated Protein 1 (YAP) and Transcriptional coactivator with PDZ-
Binding Motif (TAZ) are transcriptional coregulators implicated in driving tumor progression
and metastasis in a wide variety of cancers, including melanoma. While YAP and TAZ have
historically been thought of to act in a redundant fashion, there is growing evidence from both
developmental and cancer contexts that they may have both overlapping and unique functions of
their own. As most prior studies on YAP and TAZ in melanoma have focused on both of the
proteins simultaneously, it is currently unknown if YAP and TAZ are able to contribute to
melanoma progression in unique fashions.

In this dissertation I explored how YAP and TAZ drive melanoma growth, metastasis,
and migration. I first identify that inhibition of YAP, but not TAZ, induces morphological
changes in melanoma cells. Further functional assays reveal that YAP, but not TAZ, inhibition
reduces melanoma cell numbers, ability to invade into matrigel, and numbers of focal adhesions.
Using a non-biased RNA-sequencing approach, | demonstrate that YAP and TAZ regulate
different transcriptomes in melanoma. Further analysis of the RNA-sequencing results revealed
ARP2/3 complex member ARPCS5 as a YAP specific downstream gene that regulates focal
adhesion numbers and migration in our melanoma cell lines. These results lead me to propose a
model in which YAP uniquely drives melanoma migration and focal adhesion numbers through
regulation of ARPCS.

As YAP and TAZ have been implicated to drive melanoma progression and metastasis, |
also examined the effect that Verteporfin, a small molecule inhibitor that is actively used in the

clinic for other purposes but was shown to inhibit YAP and TAZ transcriptional activity in vitro,
X



has on melanoma cell initiation and progression in a transgenic melanoma mouse model (Braf?;
Tyr-CreERT2; Pten”"). While other groups found Verteporfin beneficial in the inhibition of
tumor growth on xenograft models, | found no effect on melanoma initiation or progression in
our transgenic mouse model using much lower, but clinically relevant, doses of Verteporfin.
These results provide evidence that targeting both YAP and TAZ with Verteporfin may not be
advantageous in melanoma. Additionally, these findings are significant and novel because it
reveals that while higher doses of a small molecule inhibitor in xenograft models can seem to be
a potential therapeutic, clinically relevant doses in model systems that better mirror disease
progression may not have the same effect.

Taken altogether, my studies provide evidence that YAP, but not TAZ, uniquely
regulates melanoma cell progression and survival. Small molecule inhibitors that are YAP
specific have promise as a less toxic and more beneficial strategy for fighting melanoma as both
YAP and TAZ have been implicated to play redundant roles in tissue homeostasis and stem cell
maintenance. Furthermore, my studies demonstrating that YAP and TAZ have vastly different
functions in melanoma provide a foundation for future studies into how YAP and TAZ can

differentially regulate downstream pathways.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Over 20 years ago, a series of genetic screens identified a central core kinase cascade
controlling organ size during development in Drosophila melanogaster. This molecular pathway
was subsequently named the Hippo pathway, after one of the genes in the pathway (Figure 1.1).
Since its initial discovery in Drosophila, the Hippo signaling pathway has since been shown to
be evolutionary conserved from the common fruit fly to mammals. The D. melanogaster protein
Yorkie functions as main effector of the Hippo pathway by acting as a transcriptional coactivator
(J. Huang et al. 2005). In mammals there exists two homologs of Yorkie, Yes Associated Protein
1 (YAP) and Transcriptional coactivator with PDZ binding motif (TAZ). YAP and TAZ are
considered paralogs with similarities in gene and protein structure, as well as in a number of key
functions, including cell proliferation and migration. YAP and TAZ both share similar protein
domains, leading to binding and interacting with many of the same partners (Figure 1.2).
Furthermore, it has been demonstrated that both are regulated by the Hippo pathway in a similar
manner (Hao et al. 2008; Meng et al. 2015).

Due to the Hippo pathway’s regulation of cell growth and migration in development, it is
not surprising that soon after the discovery of YAP and TAZ as the main effectors of the Hippo
pathway, they were hypothesized to play roles in driving tumorigenesis and metastasis. Indeed, it
has since been shown that YAP and TAZ are overexpressed in a variety of cancers, and are
correlated with a poor prognosis (Menzel et al. 2014; Zanconato, Cordenonsi, and Piccolo 2016;

Panciera et al. 2017; L. Wang et al. 2013; W. Kang et al. 2011; Hall et al. 2010; Ge et al. 2017).



Furthermore, the dysregulation of these transcriptional coactivators regulate different cellular
processes in various cancers, including but not limited to proliferation, metastasis, and drug
resistance (Lamar et al. 2012; Zanconato et al. 2015; Zanconato, Cordenonsi, and Piccolo 2016;
Piccolo, Dupont, and Cordenonsi 2014; Varelas 2014). Due to their ability to regulate cancer
invasion and metastasis, YAP and TAZ have emerged as potential drivers of the highly
metastatic skin cancer, melanoma.

Melanoma is a cancer with an aggressive nature and a high degree of metastasis that
tends to affect fair skinned individuals (Tas 2012). As a cancer with a rising incidence rate,
cutaneous melanoma is the 5™ most common cancer in men and women in the United States of
America (Tas 2012; Siegel, Miller, and Jemal 2019). From 2009-2015, the 5 year survival rate
for people diagnosed with melanoma is 92% for all cases, but only 25% for patients whose tumor
had already metastasized (American Cancer Society 2019; Howlader N et al. 2019). While
localized primary cutaneous melanoma is often excised through surgical methods, metastatic
melanoma presents a clinical challenge with few therapeutic options and significant potential for
morbidity and mortality. While research into how melanoma progression and metastasis occur
has greatly advanced during the last decade, the elucidation of oncogenic factors and molecular
pathways are still crucial for future melanoma therapeutics. YAP and TAZ are known to drive
invasion and metastasis in other cancers, but research into their role in driving melanoma
metastasis is relatively limited.

Since YAP and TAZ are both regulated by the Hippo pathway, contain similar structural
elements, and only have one constituent present in Drosophila, they have traditionally been

considered to have overlapping and redundant functions. Despite this, recent studies indicate that
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YAP and TAZ contain diverse functions from one another, and that these key differences drive
distinct cellular processes in a cell. As YAP and TAZ have been implicated in actively driving
progression of various cancers in cell type specific manners, it is important to treat the two
transcriptional coactivators as different proteins.

In this introductory chapter, | first review the regulation of YAP and TAZ in terms of
Hippo pathway dependent and independent factors, as well as in terms of binding partners
interacting through conserved domains, with an emphasis on known similarities and differences
between the two paralogs. I then provide an overview of the overlapping and unique roles that
YAP and TAZ play in melanocyte development, mature melanocyte maintenance, and in the
genesis and progression of melanoma. Due to the wide range of cellular functions that YAP and
TAZ regulates, decoding how these factors work in parallel or uniquely will provide a greater

understanding of melanoma initiation, metastasis, and potential treatment.
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Figure 1.1: The Hippo Signaling Pathway and its major regulators in mammals.



Figure 1.1 (continued) Model of Hippo Pathway in mammals. The active Hippo pathway
induces Mammalian Sterile 20-like kinases 1 and 2 (MST1/2) complex with Salvador homolog 1
(SAV1) to phosphorylate large tumor suppressor 1 and 2 (LATS1/2) in complex with MOB
kinase activator 1A and 1B (MOB1A/MOB1B), which then phosphorylates YAP and TAZ at
specific serine residues. Phosphorylated YAP and TAZ are retained in the cytoplasm via binding
to 14-3-3 proteins or targeted for degradation. A lack of phosphorylation allows YAP and TAZ
to translocate into the nucleus, where they bind the Transcriptional Enhanced Associate Domain
(TEAD) family of proteins to drive transcription of target genes.

1.2 Regulation of YAP and TAZ
1.2.1 The Canonical Hippo Signaling Pathway

A major foundation on the regulation and functions of transcriptional coactivators YAP
and TAZ is derived from D. melanogaster research, where the homologous coactivator Yorkie

was shown to act as the main nuclear effector of the Hippo pathway (J. Huang et al. 2005).
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Figure 1.2: Structural Representation of protein domains found in YAP and TAZ.
Regulatory elements found in YAP and TAZ. Domains found on both coactivators include the
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Figure 1.2 (continued) TEAD binding domain, the WW domain, transcriptional activation
domain, and a PDZ binding motif. Unique to YAP is the SH3 binding element, an extra WW
domain, and a proline rich region.

As this chapter has an emphasis on cancer and melanoma, we will largely focus on the
mammalian homologs. The Hippo pathway core kinase cascade consists of Mammalian Sterile
20-like kinases 1 and 2 (MST1/2) complexing with Salvador homolog 1 (SAV1) to
phosphorylate large tumor suppressor 1 and 2 (LATS1/2) in complex with MOB kinase activator
1A and 1B (MOB1A/MOB1B), which then phosphorylates YAP or TAZ at specific serine
residues (Zanconato, Cordenonsi, and Piccolo 2016; Varelas 2014). Upon phosphorylation, YAP
and TAZ are then bound by 14-3-3 protein and retained in the cytoplasm. A lack of
phosphorylation allows YAP and TAZ to translocate into the nucleus, where they bind
transcription factors to drive transcription of target genes. A model of the core kinase cascade
and its regulation of YAP and TAZ is detailed in Figure 1.1. Since the initial elucidation of the
transcriptional coactivators YAP and TAZ and their regulation by the Hippo pathway in
development, the downstream effectors YAP and TAZ have been shown to actively regulate

expression of genes essential for tumor initiation, survival, and metastasis.

1.2.2 Non Canonical Hippo signaling pathways

Since the discovery of the Hippo pathway and its downstream effectors YAP and TAZ,
numerous studies have discovered other molecular pathways that regulate YAP and TAZ
independent of the canonical Hippo pathway. Increasing evidence reveals that various other

factors can influence YAP and TAZ localization, function, and stability. Other pathways that



interact with YAP and TAZ include Whnt signaling and G-protein receptor signaling.
Furthermore, external mechanical forces can exert extrinsic signals that influence YAP and TAZ
activity, in part due to their function in development in regulating organ size and shape (Varelas
2014; Dobrokhotov et al. 2018; Low et al. 2014). Taken together, it is evident YAP and TAZ are
regulated by a variety of molecular pathways and external signals besides the canonical Hippo
pathway, either acting in tandem with constituents of the Hippo pathway, or through Hippo-
independent mechanisms.

YAP and TAZ interact with both the canonical and non-canonical Wnt pathways. With
canonical Wnt pathway signaling, a Wnt protein ligand binds to Wnt receptors at the cell surface
which then induces an accumulation of B-catenin in the cell and nucleus where it helps to
facilitate Wnt downstream transcriptional activity to regulate various cell processes, including
proliferation and migration. Numerous studies have shown that misregulation of the Wnt
pathway or mutations to key Wnt pathway constituents promote tumorigenesis (Howe and
Brown 2004; Duchartre, Kim, and Kahn 2016; Paluszczak 2020; Kotelevets and Chastre 2020;
You et al. 2020; Lustig and Behrens 2003). Cross talk between Wnt/B-catenin and YAP/TAZ
activity play strong roles in promoting tumorigenesis. For example, the -catenin destruction
complex, a key component of canonical Wnt signaling, has been found to sequester YAP and
TAZ in the cytoplasm in HEK-293 cells which limits the transcriptional activity of YAP and
TAZ in the nucleus (Azzolin et al. 2014). Furthermore, the same research group found that the
presence of YAP and TAZ are essential for the B-catenin destruction complex to actively degrade
[-catenin. Outside of canonical Wnt signaling, Wnt based signaling has also been shown to work

through alternative “non canonical” pathways that regulate planar cell polarity and intracellular
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calcium levels in bone marrow-derived mesenchymal stem cells. These non canonical pathways
were demonstrated to activate YAP and TAZ activity through regulation of YAP/TAZ nuclear
localization to induce osteogenic differentiation and cell migration (Park et al. 2015).

Despite many of these studies elucidating non biased regulation of YAP and TAZ, there
is strong evidence for the unique regulation of YAP or TAZ in other contexts. TAZ but not YAP
contains a N-terminal phosphodegron that is targeted by GSK3, a component of the Wnt
pathway (W. Huang et al. 2012). Disheveled (DVL), another key player in Wnt signaling, binds
Y AP to facilitate its nuclear transport in a YAP-phosphorylation dependent manner in MCF-7
breast cancer cells (Y. Lee et al. 2018). DVL interaction with TAZ through the carboxy terminal
PDZ-binding motif and WW domain in MDA-MB-231 breast cancer cells inhibited downstream
Whnt pathway activity (Varelas, Miller, et al. 2010). Interestingly, Wnt signaling directly
activates gene expression of YAP to drive colorectal carcinoma cell growth in colorectal
carcinoma cells (Konsavage et al. 2012). In melanoma associated fibroblasts, inhibition of Wnt
signaling inhibits nuclear translocation of YAP (T. Liu et al. 2019). It was demonstrated that this
inhibition of YAP activity led to a suppression of extracellular matrix remodeling and
subsequent tumorigenic activity. These studies, among others, suggest cell type specific cross
talk between the Wnt pathway and regulation of YAP, TAZ, or both YAP and TAZ. As
transcriptional coactivators that function transcriptionally through their binding partners, it is
possible that they play vastly different roles in different cell types, due to differences in the
expression patterns of their binding partners as opposed to modifications to expression levels of
YAP or TAZ. Furthermore, the tight integration between YAP, TAZ, and Wnt signaling reveals

various pathways that cancer cells can hijack to regulate YAP and TAZ downstream activity.
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YAP and TAZ are regulated by G-protein coupled receptors (GPCRS) through changes to
YAP and TAZ subcellular location or activity through modulation of HIPPO pathway mediated
phosphorylation. GPCRs represent the largest family of cell surface receptors (Luo and Yu
2019). They serve to mediate cellular responses to a wide variety of external signals and are
implicated in driving human cancers through downstream regulation of cell proliferation,
invasion, growth, and survival (Arakaki, Pan, and Trejo 2018; S. et al. 2018; Y. H. Zhang et al.
2020; Feng et al. 2014; Kuzumaki et al. 2012; Chua et al. 2017). Sphingosine-1-phosphate (S1P)
and lysophosphatidic acid (LPA) are molecules that drive cancer progression by signaling
through GPCRs to exert their downstream effects. Both molecules regulate Y AP through control
of YAP subcellular localization (Miller et al. 2012). S1P induces cell proliferation in
hepatocarcinoma cells through its control of YAP activity while LPA activates nuclear YAP and
TAZ activity to induce cellular migration and invasion in ovarian cancer cells (Cheng et al. 2018;
Cai and Xu 2013). Both LPA and S1P regulate YAP and TAZ activity through inhibition of
Hippo pathway component LATS1/2 kinases (Yu et al. 2012). LPA and S1P are not the only
ligands that alter YAP and TAZ activity through GPCR binding. Depending on what GPCR the
ligand is working through, YAP and TAZ activity can be increased or decreased through
regulation of the Hippo pathway. Hormones epinephrine and glucagon binding to their respective
GPCRs inhibited YAP/TAZ activity through activation of LATS1/2 kinases (Yu et al. 2012). In
breast cancer cells, catecholamine, another naturally produced hormone that functions through
GPCRs, inhibits YAP and TAZ activity (Dethlefsen et al. 2017).

While most of these studies show similar impact on YAP and TAZ activity through

GPCRs and subsequent regulation of Hippo pathway members, there is evidence that suggests

8



differences in the regulation of YAP and TAZ. LPA treatment leading to YAP and TAZ
dephosphorylation and subsequent nuclear activity resulted in different time frames. The LPA
induced dephosphorylation on YAP peaked at 2 hours, while the effect continued on TAZ after 4
hours. Direct treatment with the catecholamines epinephrine and norepinephrine in MCF-7 breast
cancer cells induced YAP phosphorylation as soon as 15 minutes post treatment (with no change
in YAP protein levels), whereas the treated cells exhibited reduced TAZ protein levels after 30
minutes and up to 2 hours (Dethlefsen et al. 2017). These examples of differences in timing
could be important for these cancer cells, where the cell needs to regulate YAP more quickly
than TAZ to drive YAP specific processes to survive (Cai and Xu 2013). This difference in
timing, along with the diversity of the GPCR family, provides any given cell type a number of
options with which to regulate YAP, TAZ, or both YAP/TAZ activity.

Initial studies examining extrinsic signals affecting YAP and TAZ activity found that
mechanical inputs strongly influenced the localization of these transcriptional cofactors. Contact
inhibition through cell-cell contact, extracellular matrix remodeling, and cell shape are just
several of the mechanical inputs that affect YAP and TAZ localization/activity (Zhao et al. 2007,
Halder, Dupont, and Piccolo 2012). Contact inhibition blocks translocation of YAP and TAZ to
the nucleus. However, prostate and liver cancer cells can overcome contact inhibition through
increased YAP activity. In turn, inhibition of YAP rescued contact inhibition in cancer cells
(Zhao et al. 2007). This was attributed to direct regulation of the Hippo pathway by tumor
suppressors FAT and NF2, key players in mediating contact inhibition. Independent of the Hippo
pathway, a stiffer extracellular cellular matrix (ECM) can regulate YAP and TAZ activation

through integrin signaling and subsequent Rho GTPase activity (Dupont et al. 2011; Low et al.
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2014; Dupont 2016). Modifications to the ECM have long been thought to play crucial roles in
cancer progression and metastasis (Jaalouk and Lammerding 2009; Montagner and Dupont
2020). As aberrant expression of YAP and TAZ have been shown in a variety of cancers, it is not
surprising that multiple cancers have an ability to hijack control of the ECM to drive progression
and metastasis. Breast cancers with increased ECM stiffness correlate with increased invasion
(Acerbi et al. 2015). Furthermore, Y AP transcription driven remodeling of the ECM promotes
cancer cell invasion (Calvo et al. 2013). In liver cancer, the mechanotranducer molecule Agrin
activates YAP and TAZ activity in stiffer ECM settings through inhibition of the Hippo pathway
(Chakraborty et al. 2017).

Similar to Wnt and GPCR signaling, there is evidence for the unique regulation of YAP
or TAZ function. In melanoma associated fibroblasts, Y AP activity increased matrix remodeling,
providing a feed forward loop for cancer progression and metastasis (T. Liu et al. 2019).
Conversely, only TAZ is able to drive expression of ITGAV, an integrin factor essential for
transmitting signals from the ECM into the cell in hepatocarcinoma cells (Weiler et al. 2020).
What is noteworthy in both these situations is that YAP or TAZ drive changes to ECM
downstream activity, which then increases YAP and TAZ downstream activity. It is possible that
cancers take advantage of unique regulation of YAP or TAZ in feed forward loops that can
additionally affect not only regulation of itself, but also its paralog.

These studies, among many others, conclusively show that regulation of YAP and TAZ
can be varied and cell type specific. Furthermore, while many of these pathways exhibit dual
YAP/TAZ regulation, there are examples of specific regulation of either YAP or TAZ in several

different contexts, including those involving cancer progression and survival. These multiple
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levels of overlapping and unique YAP and TAZ regulation provide more molecular pathways for
cancer cells to hijack to control YAP and TAZ transcriptional activity. Further studies into
unique regulation of YAP and/or TAZ could provide better accuracy in developing potential

cancer specific therapeutics.

1.3 Structure of YAP and TAZ

YAP and TAZ are considered gene paralogs and have similarities with homologs in other
organisms that only possess one YAP/TAZ constituent, such as the fly protein Yorkie (J. Huang
et al. 2005). As paralogs, it is not surprising that the two transcriptional coactivators share 60%
protein sequence and are regulated by and bind to many of the same proteins. (Plouffe et al.
2018; W. Hong and Guan 2012). As they do not contain DNA binding domains, binding partners
are essential for YAP or TAZ transcriptional activity. Although there are many overlapping
domains between the two, there exist domains unique to either YAP or TAZ. These TAZ-shared
and unique structures in YAP include a TEAD binding domain, transcriptional activation domain
(TAD), a coiled-coil (CC) motif, a PDZ region, a WW (tryptophan-tryptophan) domain, Src
Homology 3 (SH3) binding domain, and a proline rich region. Insight into the functions of these
unique domains could elucidate how YAP or TAZ could be driving specific functions (Figure
1.2). Here, we will first review the overlapping domains that YAP and TAZ share, followed by
unique domains that each of the transcriptional coactivators contain, and lastly discuss how these

domains could be contributing to exclusive YAP or TAZ function and or regulation.
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Both YAP and TAZ contain a TEAD binding domain. The Transcriptional Enhanced
Associate Domain (TEAD) family of proteins are often thought of as the main transcription
factor binding partners for YAP and TAZ. In humans, there are 4 TEADs (TEAD1-4) that all
contain a conserved N-terminal TEA DNA binding domain and a YAP/TAZ binding domain
(Holden and Cunningham 2018; Pobbati and Hong 2013). Much of YAP and TAZ
transcriptional activity in development and disease is attributed to its binding to TEAD to
regulate gene expression. Overexpression of a mutant TEAD2 lacking the DNA binding domain
reduced YAP dependent murine liver overgrowth (Liu-Chittenden et al. 2012), while TEAD4
mutants reduced cancer cell growth and colony formation in gastric cancer cells (Z. Shi et al.
2017). Mutations to the key serine residue in YAP’s TEAD binding domain (S94) reduced YAP
induced cell growth and epithelial-mesenchymal transition (EMT) (Zhao et al. 2008), while
mutations to the analogous residue in TAZ’s TEAD binding domain (S51A) also reduced TAZ
induced cell growth and EMT (Heng Zhang et al. 2009). While evidence supports that TEADs
are the main driving factor of YAP/TAZ driven cancer progression, they are not the only
inducers. ChlP-seq analysis of MDA-MB-231 breast cancer cells found that 78 % of TEAD4
occupancy peaks co-occupied with YAP/TAZ peaks while ChIP-seq analysis of HUCCT Cclpl
cholangiocarcinoma cells found that Y AP peaks only overlapped with common TEAD1/4 sites
7% of the time (Zanconato et al. 2015; Galli et al. 2015). Similar to upstream regulation of YAP
and TAZ, how dependent YAP and TAZ are on TEAD interaction and subsequent downstream
function appears to be cell type and context dependent. It is possible that YAP and TAZ could

induce expression of similar or unique transcriptomes depending on the presence or absence of
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TEADs. Taken together, these results indicate that YAP and TAZ interact with TEADs through
their TEAD binding domain to drive a large portion of their downstream oncogenic activity.

The interaction with TEADs is the most studied YAP/TAZ-related protein complex, and
for good reason; a significant portion of YAP and TAZ target genes are TEAD-dependent, many
of the target genes of this complex are important for normal organ development, and this
interaction is correlated with aggressive cancer progression (Galli et al. 2015; Zanconato et al.
2015; Heng Zhang et al. 2009; Zhao et al. 2008). As increasing evidence reveal that the
YAP/TAZ-TEAD interaction drives a variety of cancers, the potential of this complex as a
therapeutic target rises. Vestigial Like Family Member 4 (VGLL4) is a tumor suppressor whose
lower expression correlates with lower survival in a variety of cancers (Deng and Fang 2018).
VGLL4 binds TEAD proteins, acting as a competitor for both YAP and TAZ. Overexpression of
VGLL4 in a murine lung cancer model inhibited cancer growth and progression (W. Zhang et al.
2014), while similar results were shown in breast cancer studies (Y. Zhang et al. 2017). This
presents a potential therapeutic avenue, where elucidation of the binding mechanism of VGLL4
to TEAD could act as a competitor for the oncogenic activity of YAP and TAZ through TEAD.
Indeed, initial results have proven this to be a potential therapeutic. Molecules mimicking
VGLL4 binding have been shown to inhibit colorectal and gastric cancer progression in mouse
models (Jiao et al. 2014; 2017).

Another overlapping domain between YAP and TAZ is the PDZ binding domain. The
PDZ binding domain facilitates binding to PDZ domains on other proteins to regulate a variety
of biological functions (H. J. Lee and Zheng 2010). For both YAP and TAZ, the PDZ binding
motif is crucial for their cytoplasmic localization through interaction with tight junction proteins
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zona occludens-1 (Z0O-1) and 2 (Z0-2) (Remue et al. 2010; Oka et al. 2010; Oka and Sudol
2009). Monomethylation by Set7 lysine methyltransferase promoted the cytoplasmic retention of
YAP in mice embryonic fibroblasts (Oudhoff et al. 2013). Furthermore, it was suggested that
monomethylation at lysine 494, being proximal to the PDZ binding domain, inhibited its binding
to ZO-2 and subsequent translocation into the nucleus. This finding potentially adds an extra
layer of regulation to YAP but not TAZ. In terms of carcinogenesis, loss of the PDZ binding
motif (5SA) in YAP inhibited nuclear localization and subsequent Y AP transcriptional activity
(Shimomura et al. 2014). Taken together, the PDZ binding motif is crucial for both YAP and
TAZ localization to the nucleus.

Located in the C-terminus of both YAP and TAZ is the transcriptional activation domain
(TAD). This domain contains residues that impact YAP and or TAZ activity dependent on
phosphorylation status. YAP tyrosine phosphorylation by Src/Yes tyrosine kinases promote the
association of YAP with the RUNX2 transcription factor. Inhibition of phosphorylation results in
Y AP dissociation from RUNX2 and reduced RUNX2 transcriptional activity in osteoblasts
(Zaidi et al. 2004). Furthermore, it has been suggested that Src activity is required for YAP
activation in cancer associated fibroblasts (Calvo et al. 2013). In colon cancer cells, Src kinase
phosphorylation on YAP regulates the complex formation of Y AP, transcription factor TBX4,
and pB-catenin to drive antiapoptotic genes BCL2L1 and BIRCS, and that inhibition of YESL1 led
to a decrease of cancer progression in a murine model (Rosenbluh et al. 2012). c-ABL tyrosine
kinase phosphorylation of YAP (Y357) occurs during DNA damage response in HEK293 cells,
and that this phosphorylation increased association with p73 to drive transcription of

proapoptotic genes (Levy et al. 2008). In turn, TAZ phosphorylation (Y316) by c-ABL drove
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interaction with nuclear factor of activated T cells (NFATS5) to suppress NFATS transcriptional
activity in response to hyperosmotic stress in renal cell lines. While there is a scarcity of research
into how the TAD domain can contribute to tumorigenesis, what is evident from these studies is
that the TAD contains residues in YAP and TAZ that can be phosphorylated in similar fashions
to drive a variety of downstream transcriptional effects. Whether YAP and TAZ drive cancer
various cancers hijack these mechanisms or not is currently unknown.

Within the transcriptional activation domain for both YAP and TAZ is the coiled coil
(CC) domain. Often overlooked in YAP and TAZ biology, this domain is found in a wide variety
of organisms from bacteria to plants to animals, and is a common domain found in many cellular
proteins (Truebestein and Leonard 2016). CC domains act as molecular spacers, tethers, and
scaffolds in a variety of different types of proteins, including transcription factors where the CC
moiety assists in protein-DNA interactions. In addition, CC domains are also found in structural
proteins, motor proteins, and a number of other cytoskeletal factors. Overall, a main function of
the domain is to facilitate protein-protein interactions and to promote complexes with other
molecules. Few studies have focused on the CC domain in YAP and TAZ, but there exists some
evidence of differential activity due to differences in the CC domains between the two
transcriptional coactivators. The CC domain of TAZ was demonstrated to be essential for
binding with SMAD 2/3-4 complexes (Varelas et al. 2008). Crystal structure analysis revealed
that while YAP and TAZ can heterodimerize, TAZ can additionally homodimerize, thanks to its
coiled coil domain (Kristal Kaan et al. 2017). The authors further show that this allows the
formation of a heterotetramer with TEADs in a TAZ, but not YAP, specific manner. This

indicates a possibility that the CC domain is mediating TAZ specific processes. Even more

15



telling is that a deletion of the TAZ CC domain or replacement with YAP’s CC domain reduced
the ability of TAZ to drive downstream transcription in MCF-10A cells (Lu et al. 2020). They
further demonstrate that the CC domain in TAZ is essential for TAZ driven
compartmentalization of coactivators TEAD4, BRD4, and MED1 along with transcription
elongation factor CDK9 and that this entire process was Hippo dependent. These studies provide
evidence that the CC domains between YAP and TAZ have differential functions and that this
can all be driven by the Hippo pathway, a regulatory pathway that is thought of as regulating
YAP and TAZ similarly.

The WW domain is a small domain that mediates protein protein interaction. Generally, 5
classes of WW exist, depending on which motif they bind to (Kasanov et al. 2001).The WW
domains in YAP and TAZ are classified as a Class | WW domain, as they bind to proline rich
domains containing a consensus PPxY binding sequence (Chen and Sudol 1995; Macias et al.
1996). It is called the WW domain due to its characteristic double tryptophan residues that are
usually spaced 20-22 bases apart (Bork and Sudol 1994). The WW domain in YAP and TAZ
facilitates interactions with various proteins, including Hippo pathway effector LATS1/2 (Kanai
et al. 2000; Hao et al. 2008). While both YAP and TAZ contain WW domains, YAP isoforms
can contain either 1 or 2 WW domains, whereas TAZ only has 1 (Webb et al. 2011). The tandem
WW domains act in a synergistic manner to facilitate ligand binding (Kanelis et al. 1998; X.
Huang et al. 2009; Fedoroff et al. 2004). Y AP isoforms with tandem WW domains bind dual
PPXY containing peptides at an affinity 6-fold higher than isoforms containing one WW domain
(Webb et al. 2011). The tandem WW domains in YAP are essential for reading and binding to a

phospho-serine code found on activated SMAD 1/5 proteins to drive downstream BMP pathway
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transcriptional activity (Aragén et al. 2011). While the first WW domain selectively mediated
interaction with SMAD7, both WW domains were essential for interaction with SMAD1, where
the first WW domain interacts with the PPXY site on SMAD1 and the second interacts with a
phosphorylation dependent serine-proline motif (Aragon et al. 2012). This selectivity involving
sequential binding to both WW domains reveals a potential Y AP specific role in driving various
cell processes. Thus, there is strong evidence that the tandem WW domains found in YAP and
not in TAZ could bind ligands more strongly and subsequently drive different pathways to exert
a YAP unique downstream affect. It is unknown if cancers take advantage of this difference in
binding affinity but it is worth exploring.

While YAP and TAZ have several domains that have shared features and may have the
same or similar function, two regions are uniquely found in YAP: the Src Homology 3 (SH3)
binding domain and a proline-rich N-terminus. The SH3 binding epitopes mediates interaction
with an approximately sixty amino acid SH3 moiety, which are often found on proteins involved
in cell proliferation, migration, and cytoskeletal modifications (Kurochkina and Guha 2013).
YAP and its SH3 binding peptide was first discovered to bind to Src/Yes tyrosine kinases, as
well as adaptor proteins (Sudol 1994). In melanoma, proto oncogene SRC tyrosine kinase drives
YAP/TAZ-TEAD transcriptional activity (Lamar et al. 2019). As SRC tyrosine kinase contains
an SH3 domain, it is possible that regulation of YAP and TAZ activity by SRC could be
accomplished with different mechanisms, as YAP or TAZ localization and ability to directly
interact with SRC were not examined. While little studies on the significance on this domain
have been conducted, it is possible that this binding domain plays a large role in YAP specific
processes, as TAZ does not contain a SH3 binding domain. Another domain unique to YAP is

17



the proline rich region found at the N-terminus. This proline rich region has been shown to
facilitate interaction with heterogeneous nuclear ribonuclear protein U (hnRNPU) in the nucleus
to drive downstream expression (Howell, Borchers, and Milgram 2004). Much like the SH3
binding domain, very little research has focused on the significance of this region but it is
entirely plausible that this proline rich region helps to drive Y AP specific processes in various
settings. While the shared domains of YAP and TAZ have overlapping and possible divergent
functions, the presence of the YAP-specific SH3-binding peptide region and the proline rich

region support that YAP has unique functions from TAZ.

1.4 A role for YAP and TAZ in melanoma precursor cells: embryonic neural crest and
melanocytes

Melanoma cells are derived from pigment cells called melanocytes, which originate from
the embryonic cell type called the neural crest. The neural crest is a transient population of
migratory cells unique in vertebrate development that originate from an outgrowth of cells
between the neural ectoderm and the neural tube (Cichorek et al. 2013; Saleem 2019). During
embryogenesis, the multipotent neural crest cells migrate to specific anatomical locations to
differentiate into a wide variety of cell types including peripheral and enteric neurons and glia,
smooth muscle, craniofracial bone, and pigment cells (Knecht and Bronner-Fraser 2002;
Cichorek et al. 2013; Uong and Zon 2010). Induction, migration, and differentiation of neural
crest cells is all accomplished through a complex network of different levels of BMP, Wnt,
Notch, and FGF signaling that works in combination with internal cellular cues from
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transcription factors to provide the instructions needed for proper differentiation and migration of
neural crest cells (Cichorek et al. 2013; Saleem 2019). YAP and TAZ were discovered to be both
necessary and sufficient for neural crest migration, although the majority of the studies purely
focused on YAP. YAP expression promotes neural crest migration in zebrafish, mouse and
chicken embryos, as well as neural crest cells in culture (Kumar, Nitzan, and Kalcheim 2019; J.
Wang et al. 2016; Hindley et al. 2016; Dooley et al. 2019; Bhattacharya, Azambuja, and Simoes-
Costa 2020). The expression and localization of activated Y AP within the cell nucleus precedes
migration as well as the activation of the genetic pathways driving this process (Bhattacharya,
Azambuja, and Simoes-Costa 2020; Kumar, Nitzan, and Kalcheim 2019). Co-electroporation of
a shYAP construct and a BMP reporter containing BMP response elements upstream of GFP into
the dorsal neural tube of avian embryos revealed a loss of BMP activity in premigratory and
emigrating neural crest cells in the presence of YAP inhibition. Similar results were found using
a Wnt-GFP reporter in the presence of YAP inhibition. This revealed that YAP is both necessary
and sufficient for the early activity of both BMPs and Whnts in the pre-migratory crest, two
pathways that are key for neural crest migration (Kumar et al. 2019; Kléber et al. 2005).
Interestingly, the function of YAP is also dependent on both the BMP and Wnt pathways as
inhibition of the BMP and Wnt pathways through either the BMP inhibitor Noggin or a Wnt
inhibition dominant negative Xdd1 respectively reduced the signal from a YAP-TEAD-GFP
reporter as compared to control (Kumar, Nitzan, and Kalcheim 2019). In addition, the
transcription factor PAXS3 is essential for neural crest survival and migration (M. Xu et al. 2018;
Lang et al. 2005; Terzi¢ and Saraga-Babi¢ 1999; Lang et al. 2000; Kubic et al. 2008). YAP is
co-expressed with PAX3 in the pre-migratory and migratory neural crest, and YAP promotes
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PAX3 expression through a TEAD binding element within a PAX3 gene regulatory enhancer
(Gee et al. 2011; Manderfield et al. 2014). Other than PAX3, the interaction of YAP with TEAD
factors in the neural crest drives a number of other regulatory pathways within the neural crest.
For example, YAP and TEAD1 complexes bind to a number enhancers upstream of genes that
promote migration (such as ZEB1 and SNAIL), and the YAP/TEAD1 complexes are found on
the enhancers prior to migration (Bhattacharya et al. 2020; Kumar et al. 2019). Another cellular
cue that promotes neural crest migration is through the induction of glycolytic flux. A YAP-
TEAD-GFP reporter construct consisting of multiple TEAD binding sites upstream of a minimal
promoter driving GFP transfected into avian neural tube revealed that YAP-TEAD activity was
repressed in the presence of 2-deoxy-D-glucose (2-DG), an inhibitor of glycolysis. This suggests
that YAP and TEAD1 interaction is enhanced by glycolytic flux, which occurs concurrently with
the induction of migration (Bhattacharya et al. 2020). While neural crest cells and melanoma
may have different functions, neural crest derived tumors including melanoma activate many of
the same molecular pathways that were used during neural crest development prior to metastasis
during carcinogenesis and subsequently utilize many of the same pathways that drove the
migration process during development (Tsoi et al. 2018). Indeed, it is telling that injection of
SK-Mel28 melanoma cells into the avian neural tube resulted in the tumor cells following trunk
migratory pathways and no tumor formation, whereas B16 melanoma cells injected into non-
neural crest environments of the avian embryo resulted in melanoma formation (Menzel et al.
2014a; Schriek et al. 2005; Oppitz et al. 2007). A more in depth understanding of the role of

YAP and TAZ plays in the neural crest may have direct application to melanoma biology.
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YAP and TAZ are also both expressed in normal melanocytes and cultured melanocyte
cells (Kim et al. 2013; Zhang et al. 2019). The expression of both factors is low in normal
mature resting melanocytes, but is elevated in benign nevi and in melanoma cells (X. Zhang et
al. 2019). There is support that increased levels of YAP promote a melanocyte lineage over
other neural crest progenitor types. Increased YAP levels negatively correlate with a neural cell
differentiation of neural crest cells, and ectopically overexpressed YAP promotes a melanocyte
lineage over others, such as sensory neural cells (Hindley et al. 2016; Kumar, Nitzan, and
Kalcheim 2019). Furthermore, conditions that support high levels of aerobic metabolism further
promote the melanocyte phenotype over other neural crest progenitors (Bhattacharya, Azambuija,
and Simoes-Costa 2020). One factor crucial for lineage specificity of melanocytes, as well as the
proper development, maturation, proliferation, and survival of melanoblasts (a melanocyte
precursor) is the gene MITF (microphthalmia transcription factor). With regards to melanocytes,
MITF is often known as the “master regulator”. MITF is essential for melanocyte lineage
development, where it drives expression of the pigment producing genes DCT, TYRP1, and
tyrosinase (Cichorek et al. 2013; McGill et al. 2002; Lang et al. 2005; Cooper and Raible 2009).
YAP and TAZ directly promote MITF expression in PAX3-dependent mechanism (Manderfield
et al. 2014; Miskolczi et al. 2018). Through MITF, YAP and TAZ promotes both melanocyte
lineage and cellular proliferation. Although the knowledge of YAP and TAZ function in mature
melanocytes is limited, as melanoma cells originate from melanocytes, many genetic pathways
found in melanocytes and melanoblast development are most likely similar to those studied in

melanoma.
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1.5 Genetic drivers of melanoma and their potential therapeutic impact

As described earlier, cutaneous melanoma originates from melanocytes, pigment
producing cells located in the basal layer of the epidermis. More importantly, cutaneous
melanoma has a rising incidence rate and a high rate of metastasis. Aside from YAP and TAZ,
other factors and genes have been more comprehensively studied in melanoma to date. For
example, there are inherited genetic mutations that lead to susceptibility to melanoma.
Approximately five to ten percent of cutaneous melanoma occurs in families (Gandini et al.
2005; Rossi et al. 2019). The most common familial mutations occur within the CDKN2A gene
locus, which encodes the p16INK4A and p14ARF cell cycle regulatory proteins. The inherited
mutations solely affect the p16INK4A gene, and not p14ARF, with more than 60 germline
mutations identified (Hussussian et al. 1994; Kamb et al. 1994). These mutations tend to result
in abrogation of functional p16INK4A and p14ARF, resulting in uncontrolled cell division. The
second most common mutation identified to date is found in the CDK4 (Cyclin Dependent
Kinase 4) gene. This familial mutation is rare, with all known mutations within exon 2 that
encodes the p16 binding epitope (Zuo et al. 1996). These mutations are thought to make the
protein more active, resulting in uncontrolled cell proliferation in the melanocytes. Both the
familial mutations in CDKN2A and CDK4 result in high penetrance for the development of
melanocyte disorders including melanoma. Other gene mutations identified that lead to high
propensity of melanocytic dysfunction include the deubiquitinating enzyme BAP1 (breast cancer
associated protein 1) and the telomere length regulating POT1 (protection of Telemeres 1)
(Wiesner et al. 2011; Robles-Espinoza et al. 2014; J. Shi et al. 2014). BAP1 mutations are very

well characterized but are thought to result in non-functional BAP1 protein and an increase in
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cell proliferation. POT1 helps to regulate telomere length and stability and mutations to this gene
result in chromosome instability. Additionally, rare mutations are found in the TERT
(Telemerase Reverse Transcriptase) gene, although these mutations are found in the enhancer
regions of the gene rather than the coding sequences (Horn et al. 2013; Harland et al. 2016). This
results in lower expression of functional telomerase which results in chromosome instability and
a higher susceptibility to melanoma. While mutations in BAP1, POT1, or TERT have been
identified, they are very rare occurrences. Other familial mutations have been identified, but are
not considered high penetrance for the development of melanoma. Rather, these genetic changes
leave individuals prone to a higher risk for melanoma. The most common are alterations in the
MC1R gene, which encodes a G-protein coupled receptor for alpha melanocyte-stimulating
hormone (aMSH). Polymorphisms for the MC1R gene are common in Caucasian populations
and leads to a reduction of black melanin and blond or red hair color. This reduction in melanin
results in greater DNA damage from UV irradiation for people with this mutation. MC1R
variants are associated with fair skin, freckles, sun sensitivity, a poor ability to tan, and a higher
risk of melanoma (Palmer et al. 2000; Kennedy et al. 2001). Furthermore, rare mutations in
MITF lead to a melanoma risk. Due to the role of MITF in melanocyte development, a genetic
link to melanoma susceptibility is not surprising. The rare mutation, MITF E318K, alters an
epitope that normally can be sumoylated, and the genetic alteration enhances the transcriptional
function of MITF, resulting in increased cell growth and dysregulation of melanocyte function
(Yokoyama et al. 2011; Bertolotto et al. 2011). Most of the mutations found in melanoma are
non-familial, spontaneous mutations. The most common are in the genes B-RAF (50-60%) or N-
RAS (15-20% of melanoma patients) and are for the most part mutually exclusive; melanomas
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rarely have mutations in both of these genes. These mutations by themselves cannot induce
melanoma, and may be early initiating mutations since they are also found in the form of benign
melanocytic lesions (Vredeveld et al. 2012). B-RAF or N-RAS mutations result in constitutively
active proteins which enhance proliferation and often induce cellular senescence within these
benign nevi. For the formation of melanomas, overcoming cellular senescence is a crucial step
that is often accomplished through abrogation of suppressor genes PTEN, P53, or P16 (Crowson
et al. 2007; Ha, Merlino, and Sviaerskaya 2008). With regards to YAP and TAZ, mutations in

Y AP have been identified, where Serine epitopes that are known as phosphorylation targets from
HIPPO pathway kinases are altered to phosphorylation resistant alanine residues (Zhang et al.
2019). However, this is a rare mutation and the majority of melanomas overexpress YAP and
TAZ from genes without any obvious mutations (Bhattachary et al, 2020).

Genetic mutations, overexpressed genes, and the immune response are all potential
targets for next generation melanoma therapeutics. The development of the small compound
(PLX4032/RG7204) Vemurafenib targeting a V600E mutation (found in ~50% of all melanoma
patients) in B-RAF kinase has produced an astounding 80% response rate for patients with that
specific B-RAF mutation (Yang et al. 2010). A caveat to this miraculous compound is that it is
only effective in melanoma patients with the V600E B-Raf mutations and those that receive this
therapeutic drug develop eventual drug resistance followed by rapid progression of melanoma
(Yang et al. 2010; Comin-Anduix et al. 2010; Niehr et al. 2011). A second therapeutic avenue
that has shown great promise in treating melanoma and positively affecting patient outcomes is
through blockage of the immune checkpoint receptor PD-1 with antibody treatment (Robert,
Long, et al. 2015; Robert, Karaszewska, et al. 2015). One method T-cells use to distinguish
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normal cells from tumor cells is through binding of their PD-1 receptor found on the cell surface
of T-cells with PD-L1 antigen on the surface of normal cells. Melanoma cells can often escape
this immune response by upregulation of PD-L1. PD-1 antibody treatment abrogates this ability
of melanoma cells to avoid the immune response. PD-L1 Treatment with the PD-1 antibody
Nivolumab led to a 1 year survival rate of 72.9% vs 42.1% in the group treated with traditional
chemotherapeutic agent dacarbazine (Robert, Long, et al. 2015). Supplementing these two
therapies, combination treatments with other known small molecule inhibitors have provided
new therapeutic avenues (Robert, Karaszewska, et al. 2015; Ascierto et al. 2019). A potential
caveat to these efficacious treatments is that many of these drugs have adverse side effects for
the patient or the tumors develop resistance. As such, it is essential to study potential drivers of
melanoma progression and survival to provide additional molecular targets for melanoma
therapy.

YAP and TAZ have potential as targets for therapy, since these factors are overexpressed
in human melanoma and their higher expression correlates with lower patient survival (Menzel et
al. 2014b). While there are limited studies in how YAP and TAZ drive melanoma, there is
evidence that suggest YAP and/or TAZ play crucial roles in melanoma progression (Kumar,
Nitzan, and Kalcheim 2019; M. H. Kim et al. 2016; Lamar et al. 2012; Nallet-Staub et al. 2014).
Specifically, in addition to reducing the ability of melanoma cells to invade into matrigel,
YAP/TAZ knockdown in 1205Lu melanoma cells impaired the number of lung metastasis
following tail vein injections in immunodeficient mice (Nallet-Staub et al. 2014). Furthermore,
overexpression of YAP induced resistance to Vemerafenib and upregulated expression of the

checkpoint inhibitor ligand PD-L1 to inhibit the immune response (M. H. Kim et al. 2016).
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While these early studies suggest a role for YAP and TAZ in driving melanoma metastasis and
proliferation, several of the studies do not directly investigate either YAP or TAZ alone. It is
possible that one of the transcriptional coactivators play unique roles in melanoma and a better
understanding of the potential differences between YAP and TAZ will provide a greater

foundation for driving next generation melanoma therapeutics.

1.6 Concluding remarks and future challenges

In the past 2 decades, studies into YAP and TAZ have shown a remarkable ability to
drive a wide variety of cellular mechanisms, including but not limited to development,
regeneration, stem cell maintenance, tumor cell proliferation, and metastasis. Just as the
downstream activity of YAP and TAZ is extremely diverse, regulation of YAP and TAZ have
been shown to be just as varied, coming from a variety of extracellular and intracellular cues. In
this chapter, we provided an overview of YAP and TAZ regulation and protein structure, while
focusing on differences between the two. Furthermore, we highlight how these differences could
be driving tumorigenesis and how this could affect potential therapeutics.

While there is a strong foundation in place for YAP and TAZ biology and its role to
cancer development and progression, several key questions remain. As we have partially touched
upon in this chapter, YAP and TAZ biology is very context and cell type specific. A full
exploration and understanding of the key differences between the domains found in YAP and
TAZ, namely the extra WW domain, the SH3 binding, and proline rich region found in YAP as
well as the unique CC domain and N-terminal phosphodegron in TAZ, will be essential in

elucidating how these two transcriptional cofactors are being coerced into driving various
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cancers, including melanoma. Elucidation of YAP and TAZ specific pathways will provide a
foundation to better understand the mechanisms by which different domains drive YAP and TAZ
function in specific cancers. In turn, this will provide a better foundation to develop novel
melanoma YAP, TAZ, or YAP/TAZ therapeutics.

In this dissertation, | focus on YAP and TAZ regulation of melanoma. In chapter 2, |
describe functional and transcriptional differences between YAP and TAZ in melanoma cell
lines. Additionally, I describe a YAP potential mechanism in driving melanoma migration
through regulation of ARPCS5. In Chapter 3, | demonstrate that a small molecule inhibitor of
YAP and TAZ did not reduce melanoma progression or initiation in a transgenic melanoma
mouse model. Taken together, these studies demonstrate that Y AP drives melanoma progression
in a unique and nonredundant fashion from TAZ and provide a rationale for future research

towards the development of YAP, but not TAZ, targeted therapies in melanoma.
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CHAPTER 2: YAP PLAYS A PREDOMINANT ROLE IN DRIVING MELANOMA

MIGRATION

2.1 ABSTRACT

Yes Associated Protein 1 (YAP) and Transcriptional coactivator with PDZ-Binding Motif (TAZ)
are transcriptional coactivators that have been implicated in driving metastasis and progression in
many cancers, mainly through their transcriptional regulation of downstream targets. Although
YAP and TAZ have shown redundancy in many contexts, it is still unknown whether or not this
is true in melanoma. Here we show that while both YAP and TAZ are expressed in a panel of
melanoma cell lines, depletion of Y AP results in decreased cell numbers, focal adhesions, and
the ability to invade matrigel. Using non-biased RNA-sequencing analysis, we find that
melanoma cells depleted of YAP, TAZ, or YAP/TAZ exhibit drastically different transcriptomes.
We further uncover the ARP2/3 subunit ARPCS5 as a specific target of YAP but not TAZ. Our

findings suggest that in melanoma, YAP drives melanoma progression, survival, and invasion.
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PLA experiments (Figure 2.7). Yan Li and Stephen Moore helped drive the RNA-seq analysis.
This chapter is currently under revision as manuscript coauthored with Kelsey Ogomori, Lee

Huang, Stephen Moore, Yan Li, and Deborah Lang.
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2.3 INTRODUCTION

Melanoma is an aggressive cancer with a high degree of metastasis (Tas 2012). Yes
Associated Protein 1 (YAP) and Transcriptional coactivator with PDZ-Binding Motif (WWTR1
or TAZ) are transcriptional coactivators implicated in driving metastasis and progression in a
variety of cancers, including melanoma (Zanconato, Cordenonsi, and Piccolo 2016; Zhao et al.
2008; Nallet-Staub et al. 2014; Lamar et al. 2012). In melanoma, increased YAP and TAZ
expression correlates with lower patient survival (Guo, Kang, and Zhao 2018; Menzel et al.
2014b). Furthermore, loss of YAP and TAZ led to decreased invasion and tumorigenicity in
1205 Lu and SKMEL-28 melanoma cell lines (Nallet-Staub et al. 2014). In other cancer types,
both YAP and TAZ have been implicated in driving various aspects of metastasis. In pancreatic
cancer, YAP overexpression drives metastasis by activating the AKT cascade to induce the
epithelial to mesenchymal transition (Yuan et al. 2016). In hepatocarcinoma cells, reduction of
Y AP phosphorylation via LATS2 inhibition reduced and increased EMT markers E-cadherin and
vimentin respectively (L. L. Han, Yin, and Zhang 2018). In colorectal cancer, YAP is shown to
promote the epithelial to mesenchymal transition by driving expression of MALATL, which in
turn promotes expression of various metastasis markers, including VEGFA, SLUG, and TWIST.
In addition, TAZ upregulation is able to rescue migratory and invasive phenotypes exhibited
with miR-125a-5p inhibition (L. Tang et al. 2019). Outside of metastasis, YAP and TAZ have
been shown to drive several other cancer cell processes, including cell proliferation,
differentiation, and drug resistance (Fisher et al. 2017; Zhao et al. 2008b; Zanconato et al. 2015;

Choe et al. 2018).
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YAP and TAZ contain many similarities and potential redundancies. Structurally, YAP
and TAZ share 60% protein sequence (Plouffe et al. 2018; W. Hong and Guan 2012). They do
not contain a DNA binding domain, so both YAP and TAZ require binding partners that contain
DNA binding domains to exert their downstream effects. Traditionally, both YAP and TAZ bind
to the TEAD family of transcription factors, but either YAP, TAZ, or both have been shown to
bind to the RUNX, SMAD, and hnRNP family of proteins, among others (Zanconato,
Cordenonsi, and Piccolo 2016; Yagi et al. 1999; Kanai et al. 2000; J. H. Hong et al. 2005;
Ferrigno et al. 2002; Howell, Borchers, and Milgram 2004). Transcriptionally, both YAP and
TAZ have been shown to directly control expression of CTGF and Cyr61, genes implicated in
cell differentiation and cell adhesion, among others (Haiying Zhang, Pasolli, and Fuchs 2011;
Zhao et al. 2008). Due to past studies on Yorkie in D. melanogaster and YAP/TAZ in H. sapiens,
it is clear that YAP and TAZ have overlapping activity in driving diverse biological functions.

While it is clear that YAP and TAZ share many functions, there is also evidence that
these factors are not just redundant paralogs. Although YAP and TAZ contain many of the same
protein binding domains, both proteins also contain unique binding domains of their own, most
notably YAP containing an extra WW domain, an SH3 binding motif, and an N terminal proline
rich region (Varelas 2014). Phenotypically, several studies show stark differences in
functionality between the two transcriptional cofactors. YAP knockout mice are embryonic
lethal, whereas TAZ mice can live until adulthood but exhibit both kidney and lung defects
(Morin-Kensicki et al. 2006; Hossain et al. 2007; Makita et al. 2008; Tian et al. 2007). Lastly,
when differentially expressed genes from HEK293 YAP KO and TAZ KO cells were compared

to YAP/TAZ KO cells, only 81% and 41% of the differentially expressed genes overlapped with
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the YAP/TAZ KO group respectively (Plouffe et al. 2018). While these studies, among others,
reveal many overlapping roles for YAP and TAZ in a variety of biological settings, it is still
unknown what unique functions YAP and TAZ may also be performing.

In this study, we have identified YAP as the predominant player in our melanoma cell
lines. We show that Y AP specific inhibition leads to a reduction in melanoma cell numbers,
invasion, and focal adhesions. Furthermore, RNA-sequencing reveals a Y AP transcriptome
highly distinct from TAZ and more enriched in genes involved in cancer progression. We
demonstrate direct inhibition of one such YAP target gene, ARPCS5, leads to a decrease in focal
adhesion numbers, melanoma cell migration, and a shift in the ARP2/3 complex subunits. Taken
together, our data support a model whereby YAP drives ARPC5 expression to enhance

melanoma cell migration.

2.4 MATERIALS AND METHODS
Cell Culture

Human melanoma cell lines A375, M14, mel537, mel624, mel888, SKMEL-28, SKMEL-
23, SKMEL-5, and mouse melanoma B16 cells (ATCC, Manassas, VA and University of
Chicago Comprehensive Cancer Center Core Facilities) were cultured in DMEM with 10% FBS
(Sigma-Aldrich). Melanoma marker testing, morphology, and histological analysis were used to

verify melanoma cell identity and lack of mycoplasma contamination.
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Immunoblotting

Thirty ug total protein melanoma lysates (MPER, Thermo Fisher — 78501) were
separated on 4-15% Bis-Tris gels (Bio-Rad) and transferred to nitrocellulose membranes. The
membranes were incubated overnight with antibody (Dilutions - 1:1000 for YAP/TAZ antibody
(Cell Signaling Technology — D24E4), 1:1000 ARPCS5 (Proteintech - 16717-1-AP), 1:1000
ARPCSL (Proteintech — 22025-1-AP), 1:10000 for GAPDH (Cell Signaling — D16H11)) in
nonfat 5% milk (Santa Cruz — sc-2324). The membranes were washed with 1X TBS-T four times
for 15 minutes and incubated with 1:4000 anti-rabbit IgG HRP-linked antibody (Cell Signaling —
7074). Membranes were developed with Clarity Western ECL substrate according to the
manufacturer’s instructions (Bio-Rad). Blots were normalized with GAPDH or total protein
input (Stain Free System, Bio-Rad). All Western analysis shown are representatives of at least

three independent experiments.

Densitometry
Western blot band intensities were measured using ImageJ64

(https://imagej.nih.gov/ij/download.html). All experiments were performed in triplicate, with

each figure showing a representative image. The data shown are represented as a percentage of

siScrambled controls and normalized to total protein.

sIRNA treatments

Melanoma cells were seeded at 50-70% confluency in 6-well plates. SIRNA transfection
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using Lipfectamine 3000 (Thermo Fisher) were then performed according to the manufacturer’s
instructions with siRNA targeting YAP, WWTR1 (TAZ), ARPC5, and/or siScrambled (Thermo
Fisher ID Number S20366 — YAP1, S24787 - WWTR1, S19362 — ARPC5, 4390844 —

siScramble). Cell lysates were collected 2 days post-siRNA transfection.

Cell shape morphology

Cell pictures were taken with a Q-Color3 Olympus camera on an Olympus CKX41
microscope 2 days post transfection. Cell shape was quantified by fitting the cell shape to an
ellipse and calculating the ratio between the short and long axis utilizing photoshop measurement
tool (PS Version CS6, Adobe Inc). 200 cells were counted per experiment, performed in

triplicate.

Growth Curves Analysis

Cell confluency was measured every 6 hours over a period of 72 hours using the Incucyte
FLR Live-Cell Imaging System (Essen BioScience, 2011A software). All experiments were
performed in triplicate and all experimental groups were normalized to siScrambled control

groups at 72 hours post treatment set at 100%.

Invasion assays

All matrigel invasion assays were performed using the Corning Matrigel matrix (Cat. No.
356234) on 8.0 um pore cell culture inserts (Fisher) according to the manufacturer’s instructions
with 10% FBS in DMEM as the chemoattractant (0.5% FBS in DMEM as the base media) and
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visualized using the Diff-Quik staining kit (Thermo Fisher). All analysis was performed by
comparing the number of stained cells in the experimental groups as fold change compared to
siScrambled control. All assays shown are representatives of at least three independent
experiments, where cells were counted in 4 separate random fields of the cell culture insert.
Migration assays

Melanoma cells were plated to 90-100% confluency (50,000 cells per well). Scratch
wounds were made using Essen BioScience’s 96 well woundmaker according to manufacturer’s
instructions. Pictures were taken immediately post wound and 24 hours post wound using the
Incucyte FLR Live-Cell Imaging System (Essen BioScience, 2011A software). Cell migration
was analyzed by calculating the percentage of the distance of the wound at time zero and 24
hours post wound. All experiments were performed in triplicate and all experimental groups

were normalized to siScrambled control groups set at 100%.

Immunofluorescence

Melanoma cells grown on coverslips were washed 2x in prewarmed PBS, fixed in 4%
paraformaldehyde at 37 °C, washed 2x in prewarmed PBS, and then permeabilized for 15
minutes in PBS with 0.1% Triton X-100. Blocking was performed for an hour using 5% horse
serum in PBS-T, followed by incubation in anti-vinculin antibody (Millipore Sigma — 05-386)
diluted 1:5000 in 5% horse serum in PBS-T overnight, washed 2x PBS-T, and incubated in
DyL.ight horse anti-mouse secondary antibody (Vector Laboratories — DI-2488) diluted 1:200 in
5% horse serum for 2 hours. Coverslips were washed 2x with PBS-T and stained for actin using

Alexa Fluor 555 Phalloidin (ThermoFisher — A34055) according to the manufacturer’s
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instructions. Images were captured using a Nikon Eclipse E400 microscope. Puncta were
quantified by counting the number of puncta where the actin filament met the vinculin puncta.
All experiments were performed in triplicate and all experimental groups were normalized to
siScrambled control groups set at 100%.
RNA Sequencing

All RNA sequencing experiments were performed on mel537 cells in duplicate from each
group (siScrambled, siYAP, siTAZ, siYAP/TAZ). RNA was collected using Direct-zol RNA
Miniprep Kit (Zymo Research — R2060) and submitted to the University of Chicago Genomics
Facility (http://fgf.uchicago.edu) for library preparation and RNA sequencing on the Illumina
HiSeg4000 platform (single-end 50 basepair). Subsequent bioinformatics analysis was performed
by the Center for Research Informatics (http://cri.uchicago.edu) and Gene Ontology analysis was
performed through the use of IPA (QIAGEN Inc.,
https://www.giagenbioinformatics.com/products/ingenuitypathway-analysis). Gene set
enrichment analysis was performed through use of the RaNA-seq tool (https://ranaseg.eu/home,
G0:0005925,(Prieto and Barrios 2019)).The false discovery rate was set at p<0.05 and the cutoff

for differentially expressed genes was a fold change of >1.5 as compared to siScrambled control.

Quantitative Real-Time Polymerase Chain Reaction

RNA was isolated from melanoma cells using the Direct-Zol RNA extraction kit
instructions (Zymo Research - R2071, R2050-1-200) according to the manufacturer’s
instructions. cDNA was then generated using the iScript cDNA Synthesis kit (Bio-Rad). The

expression levels of YAP, TAZ, and ARPC5 were analyzed using SYBR-Green Master Mix
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(Bio-Rad) in conjunction with the CFX Connect Real-Time System (Bio-Rad), and normalized
to GAPDH. The primers used were as follows (5°->3’): YAP1IF - GTG AGC CCA CAG GAG
TTA GC; YAPIR - CTC GAG AGT GAT AGG TGC CA; YAP2F - TCT TCC TGA TGG ATG
GGA AC; YAP2R - GGC TGT TTC ACT GGA GCA CT; TAZF - GTA TCC CAG CCA AAT
CTCG; TAZR-TTC TGAGTG GGG TGG TTC; GAPDHF - ACATCATCC CTG CCT GTA
CT; GAPDHR -CTC TCT TCC TCT TGT GCT CTT G; ARPC5F - AGA GCC CGT CTG
ACA ATA G; ARPC5R - CAG TCA AGA CAC GAACAATG
Meta Analysis

RNAI (DEMETER2) and CRISPR (CERES) dependency scores were obtained from the
DepMap website (https://depmap.org/portal/, (Z. Tang et al. 2017)). Protein expression scores for
normal tissue vs cancer were obtained from the web server GEPIA (http://gepia.cancer-
pku.cn/index.html). Expression scores for cutaneous melanoma vs benign nevi were obtained
from Oncomine (https://www.oncomine.org). Oncoprints for members of the ARP2/3 complex
were obtained from cBioPortal (cbioportal.org).
Proximity ligation assay

Melanoma cells were treated as described above, and then transferred to 24 hours
posttreatment to 6 well plates containing flame sterilized cover slips, where they were to attach
for 24 hours. The proximity ligation assay was then performed according to the manufacturer’s
instructions (Sigma-Aldrich - DUO 92101) using antibodies for ARP2 (Santa Cruz — sc 166103)

and ARPCS5L (Proteintech — 22025-1-AP).
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Statistical analysis

Statistics were performed using student’s two tailed T-test between control and the
appropriate groups. All experiments were performed in triplicate, with a representative
experiment shown in the figure, and all findings stated as significant have p < 0.05 unless

otherwise stated.

25 RESULTS
2.5.1 YAP specific inhibition results in a decrease in melanoma cell number, invasive
capacity, and morphological changes

Recently, the Broad institute generated predictive modeling software through the
compilation of large-scale genomic screens from RNAI, CRISPR, and drug target experiments in
a variety of cancer cell lines to identify potential targets that the cancers may be dependent on.
Using the Cancer Dependency Map, we initially sought to determine whether or not melanoma
demonstrated a specific dependency on YAP and TAZ. YAP (Figure 2.1 A, C), but not TAZ
(Figure 2.1 B, D) trended with melanoma (Figure 2.1 — Groups 1,4) in both CRISPR (Figure
2.1 A, B) and RNAI (Figure 2.1 C, D) screens. While blood and solid tumors are both dependent
on YAP and TAZ in the CRISPR and RNAI screens, melanoma and skin tumors are only YAP
dependent. Based on these results from an unbiased large-scale genetic screen, melanoma
exhibits different dependencies with regards to YAP and TAZ biology and function.

To determine expression levels of both YAP and TAZ in melanoma cells, Western blot
analysis was performed on eight melanoma cell lines (1 mouse, 7 human) for the presence of

YAP and TAZ proteins. Utilizing a dual YAP/TAZ antibody, all 8 cell lines examined expressed
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varying degrees of YAP and TAZ, with 6/8 cell lines showing higher expression of TAZ than
YAP (Figure 2.2A). Mel537 cells showed relatively equal expression of YAP and TAZ, while
SKMEL-23 cells showed higher YAP expression than TAZ (Figure 2.2A). Higher exposure of
the blots detect TAZ expression in SKMEL-23 cells, but the other cell lines are overexposed
(data not shown). To test the effects of YAP and/or TAZ inhibition in our cells, we first needed
to verifY AP and TAZ specific SIRNAs in our melanoma lines (Figure 2.2B). Initial observation
of the various knockdown groups (siYAP, siTAZ, siYAP/TAZ) as compared to siScrambled
control revealed dynamic morphological changes in the siYAP and siYAP/TAZ, but not SiTAZ,
knockdown groups, resulting in more elongated cells as compared to siScrambled control
(Figure 2.2C). As compared to the siScrambled groups which showed a length to width ratio of
1.99+1.25, 1.73£0.97, and 2.54+1.33 for mel537, A375, and m14 cell lines, siYAP and
siYAP/TAZ knockdown groups had ratios of 3.51+2.58/2.92+2.13, 2.32+1.18/2.27+1.24, and
2.98+1.67/3.07+1.87 respectively. This was interesting, as the elongated phenotype more closely
resembled differentiated melanocytes than melanoma cells. Cell growth is also YAP dependent,
with cells significantly reduced to 75% or less of control levels (Figure 2.2D, p<0.05). In 3/6 of
the lines (mel537, M14, UACCG62), cell numbers decreased after 72 hours in a Y AP specific
manner (only in the YAP, or YAP/TAZ knockowns) while TAZ knockdowns were similar in
growth to siScrambled control. The remaining three lines (A375, SKMEL5, SKMEL23) showed
decreased cell numbers with inhibition of both YAP and TAZ. Next, we examined whether YAP,
TAZ, or YAP/TAZ inhibition had an effect on invasion through the use of Matrigel invasion
assays. As we saw two distinct patterns of growth inhibition, we utilized a representative cell line

that show varying degrees of YAP vs TAZ expression from each growth pattern group (A375

38



and mel537). Both A375 and mel537 cell lines showed decreased invasion capacity with
inhibition of YAP or YAP/TAZ, but not TAZ alone (p<0.05) (Figure 2.2E). Taken together, our
observations suggest that YAP plays a predominant role in the morphology, cell growth, and

invasion of melanoma cell lines.
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Figure 2.1: Melanoma is dependent on YAP, but not TAZ, in melanoma datasets. DepMap
Portal analysis of YAP CRISPR (A), TAZ CRISPR (B), YAP RNA. (C), and TAZ RNAI (D).
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Figure 2.1 (continued) CERES and DEMETER?2 dependency scores corresponding to CRISPR
and RNAI cell depletion assays. A lower score indicates higher probability of being essential in
human cells. Black and grey bars represent melanoma related and all other cancer groups
respectively. The white bars indicate the compilation of all cell lines and cancer types examined.
All results shown are statistically significant (P<0.05).
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Figure 2.2. YAP inhibition results in decreased cell numbers and invasion in melanoma cells.
(A) Melanoma cell lines express both YAP and TAZ at various levels. Western blot analysis for
YAP and TAZ, with GAPDH as a loading control, was performed in a panel of melanoma cell
lines (lanes 1-8). (B) Specific sSiRNA mediated knockdowns of YAP, TAZ, and YAP/TAZ.
Western blot analysis measuring levels of YAP and TAZ were performed in mel537, M14, and
A375 cells transfected with siYAP, siTAZ, or both siYAP and siTAZ. (C) Morphology of
mel537, M14, and A375 melanoma cells change with inhibition of YAP, TAZ, or YAP/TAZ.
Cells were best fit into an ellipse, where the cellular ratio of width to length was calculated, 48
hours post siRNA transfection targeting YAP, TAZ, both YAP/TAZ, or siScrambled control.
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Figure 2.2 (continued) Representative photos of each cell line and knockdown group are shown.
Values are mean + SD (n = 200) (* indicates p < 0.05, NS indicates not significant). (D)
Inhibition of YAP and TAZ result in decreased cell numbers. Cells were initially transfected
with siRNA targeting YAP, TAZ, both YAP/TAZ, or siScrambled control and subsequently
plated at 5-10% confluency. The confluency levels of the cells were then measured over 72 hours
using the Essen BioScience IncuCyte Live-Cell imaging system. Images were taken every 6
hours for all knockdown groups and compared to siScrambled control. Values are mean + SD.
(*, p <0.05). (E). Inhibition of YAP and TAZ result in decreased invasion. Matrigel invasion
assays were performed on mel537 and A375 cells that were transfected with siRNA targeting
YAP, TAZ, both YAP/TAZ, or siScrambled control. The values are expressed as the average of
three independent experiments (*, p < 0.05).

2.5.2 Inhibition of YAP decreases the number of focal adhesions in melanoma cells

Since we saw several melanoma cell functions (morphology, cell numbers, invasion) specific for
inhibition of YAP, but not TAZ, we predicted that inhibition of YAP may deregulate the ability
of melanoma cells to migrate through regulation of focal adhesion numbers, as focal adhesion
dynamics have been shown to be important for cell migration and cancer metastasis (Mitra and
Schlaepfer 2006; Nagano et al. 2012). To visualize and quantify focal adhesions, we performed a
series of immunofluorescent stains for vinculin (a key focal adhesion protein) and actin on
mel537 (Figure 2.3A) and A375 (Figure 2.3B) cells treated with siRNA targeting YAP, TAZ, or
both YAP/TAZ to examine changes in the number of focal adhesions as compared to
siScrambled control. Quantification of the focal adhesion puncta (where actin and vinculin show
colocalization) revealed that both cell lines demonstrated a significant loss in the number of focal
adhesions per cell in a YAP specific manner (p < 0.05, n = 200 cells/group). YAP knockdowns
had only 71+36% and 70+44% of vinculin puncta as compared to siScrambled in mel537 and
A375 cells respectively. Similarly, YAP/TAZ knockdowns had 69+52% and 71+31% as

compared to siScrambled group in mel537 and A375 cells. This indicates that the number of
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focal adhesions is either directly or indirectly controlled by YAP in mel537 and A375 melanoma

cells.
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Figure 2.3: Inhibition of YAP decreases the number of focal adhesions in melanoma cells.
Mel537 (A) and A375 (B) melanoma cells were transfected with siRNA targeting YAP, TAZ,

4

N



Figure 2.3 (continued) YAP/TAZ, or siScrambled control and transferred to coverslips, where
they were allowed to adhere for 24 hours. The cells were fixed and stained with antibodies
against vinculin (Alexa 488), phalloidin (Alexa 555) for actin, and DAPI for nuclei. The number
of vinculin puncta, representing focal adhesions, were then counted for each cell (n = 50). Each
experiment was performed in triplicate, and a single representative experiment is shown with
photos of the stained cells on the left and graphs on the right with the average number of puncta
per cell as a percent compared to puncta per cell of siScrambled control. VValues are mean + SD
(p < 0.05).

2.5.3 YAP and TAZ have both overlapping and unique transcriptomes

Both YAP and TAZ are transcriptional co-regulators and exert their downstream effects
through transcriptional regulation of target genes. Based on our initial results, we theorized that
YAP plays a unique role from TAZ in melanoma and that the differences between YAP and TAZ
physiology in our experiments were due to differences in downstream transcriptional regulation.
As our earlier experiments supported the idea of Y AP specific roles in melanoma, we performed
RNA-sequencing analysis on YAP, TAZ, and YAP/TAZ inhibited mel537 cells to look for
unique transcriptome signatures in our various knockdown groups. Mel537 cells were chosen as
they exhibited the largest phenotypic changes with YAP knockdowns as compared to
siScrambled control. To reduce false positives, we used a stringent criterion (FDR = p<0.05,
LogFC>1.5) for analysis of our RNA-sequencing data. We grouped differentially expressed
genes that were common between YAP and YAP/TAZ knockdowns (termed “Y AP specific”)
and those between TAZ and YAP/TAZ knockdowns (termed “TAZ specific). There were 264
Y AP specific and 96 TAZ specific differentially expressed genes (Figure 2.4C). Taking these
two groups, we performed pathway analysis using Qiagen’s Ingenuity Pathway Analysis
software. Pathway analysis revealed stark differences in the molecular function and biological
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processes between the two groups, with the YAP specific genes more highly enriched in cellular
movement, growth, and development groups, whereas the majority of genes for the TAZ specific
group were more oriented towards endocrine and inflammatory processes (Figure 2.4A, 4B).
Several of the top differentially expressed genes for the YAP and TAZ specific groups are shown
in Figure 2.4D. Taken together, YAP and TAZ have both overlapping and unique transcriptomes
in melanoma.
2.5.4 ARPCS5 drives a pro-migratory phenotype in melanoma cells

To look for potential Y AP specific genes that controlled focal adhesion numbers, we
performed gene set enrichment analysis (GSEA) for the siYAP and siTAZ knockdown groups.
GSEA revealed focal adhesion enrichment for both of the groups but due to our previous results
that demonstrated a loss of focal adhesion numbers only in our melanoma cells specific to YAP
knockdowns, we hypothesized that genes enriched in the focal adhesion gene set for YAP but not
for TAZ must be essential for the phenotype examined (Figure 2.4E, 2.4F). A closer
examination of the differentially expressed genes for the YAP specific group revealed ARP2/3
complex member ARPC5 as a downregulated gene with YAP inhibition (Figure 2.4D).
Inhibition of YAP alone led to a 3.25 fold decrease in ARPCS5 transcript (p = 5.4x10°, FDR =
1.9x10%). As our earlier results showed decreased cellular migration, invasion, and a loss of
focal adhesion numbers in YAP inhibited melanoma cells (Figure 2.2, 2.3), we speculated that
ARPC5, as a member of the actin nucleating ARP2/3 complex, could modulate melanoma cell
migration as a downstream target of YAP activity. To recapitulate our RNA-sequencing results,
we examined ARPC5 protein and transcript expression in YAP, TAZ, and YAP/TAZ inhibited
conditions in different cell lines. 5/5 melanoma cell lines examined exhibited reduced ARPC5
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transcript under YAP, but not TAZ, inhibition (Figure 2.5A). To determine changes in protein

levels, we performed western blots and subsequent densitometry analysis for ARPC5 expression
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Figure 2.4: YAP and TAZ have both overlapping and unique transcriptomes. (A,B) Gene
Ontology (GO) analysis of differentially expressed genes as detected by RNA-sequencing
common to YAP and YAP/TAZ knockdowns (A), and to TAZ and YAP/TAZ knockdowns (B),
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Figure 2.4 (continued) in mel537 melanoma cells. Data represented as —log(p-value), where
significance is determined as being above the threshold as indicated by the red line. For the
RNA-seq analysis, the false discovery rate was set at p<0.05 and a fold change of > 1.5 as
compared to siScrambled control. (C) Venn Diagram schematic representing the total numbers of
differentially expressed genes of the three groups (YAP knockdown, TAZ knockdown,
YAP/TAZ knockdown. (D) Representative list of differentially expressed genes from the RNA-
Sequencing. Data represented as the mean of the fold changes from the biological duplicates. (E-
F) Gene Set Enrichment Analysis (GSEA) of siYAP (E) and siTAZ (F) RNA-sequencing
samples (GO:0005925).

in 3 melanoma cell lines under YAP, TAZ, and YAP/TAZ knockdown conditions. Inhibition of
YAP expression led to decreased ARPCS5 protein levels in mel537 (27.8+16.9% of controls,
Figure 2.5 B,C), M14 (59.7£9.1%, Figure 2.5 E,F), and A375 (26.1+12.3%, Figure 2.5 H, I).
Taken together, inhibition of YAP but not TAZ results in loss of ARPCS5 expression at both
protein and transcript levels in melanoma cell lines.

To determine if inhibition of ARPC5 will phenocopy Y AP inhibition, we directly
targeted ARPCS5 in mel537 and A375 melanoma cells using siRNA specific for ARPC5.
Inhibition of ARPCS5 in mel537 and A375 cells did not produce significant changes in cell
length, growth, or ability to invade into matrigel (Figure 6A-C). However, we did observe that
both YAP and ARPCS5 inhibition reduced migration in a wound healing assay for both mel537
and A375 cells. Compared to the siScrambled control groups, both YAP and ARPC5 knock
down groups exhibited decreased migration (Figure 6D, p<0.05). For mel537 cells, direct YAP
and ARPC5 knockdowns led to wounds that were only 73.6+ 19.2% and 73£15.33% healed as
compared to siScrambled control (p<0.05). For A375 cells, the percentages were 75.0£16.0%
and 59.9+16.9% respectively (p<0.05). Furthermore, inhibition of ARPC5 also led to a reduction

of focal adhesions in the cell lines examined. Similar to the YAP knockdowns, direct ARPC5
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inhibition resulted in total numbers of puncta that were 70.5%+32.6 and 85.1+40% as compared
to siScrambled controls for mel537 and A375 cells respectively (Figure 2.6E, p<0.05, n = 200
cells/group). To summarize, direct ARPC5 inhibition led to decreased numbers of focal
adhesions and migration, but no differences in cell numbers or capacity to invade into matrigel

(Figure 2.6F).
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Figure 2.5: Inhibition of YAP results in a decrease in ARPCS5 transcript and protein in
melanoma cells. (A) Inhibition of YAP results in decrease of ARPCS5 transcript in 5 Melanoma
cell lines (mel537, SKMEL23, SKMELS5, UACC62, and M14). Quantitative Real Time
Polymerase Chain Reaction analysis examined expression levels of ARPC5, YAPL, YAP2, and
TAZ in melanoma cells treated with siRNA targeting YAP, TAZ, YAP/TAZ, or siScrambled
control. The data presented are normalized to control expression levels (GAPDH). (B-J)
Inhibition of YAP results in decrease of ARPC5 protein. Western blot analysis for YAP, TAZ,
ARPC5, and ARPC5L for the knockdown groups (siScrambled, siYAP, siTAZ, siYAP/TAZ) for
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Figure 2.5 (continued) the cell lines mel537 (B), M14 (E), and A375 (H). Densitometry
quantification of the Western blot analysis for ARPC5 (C, F, 1) and ARPC5L (D, G, J) are shown
on the right for mel537, M14, and A375, respectively. All data represented as the mean of the

fold changes from the biological triplicates are normalized to and represented as a percentage of
siScrambled control. VValues are mean + SD. (*, p < 0.05).
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Figure 2.6: Direct inhibition of ARPCS5 results in decrease of melanoma cell migration and focal
adhesion numbers. (A,B,C) Direct ARPCS5 inhibition does not phenocopy Y AP inhibition in
A375 and mel537 cells with cell morphology (A), growth (B), or invasion (C). Methods follow
procedures outlined in Figure 2. (D,E) Direct ARPC5 inhibition phenocopies YAP inhibition for
cell migration (D) and number of focal adhesions (E). For cell migration, the percent of wound
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Figure 2.6 (continued) closure after 24 hours was calculated. For focal adhesion numbers,
methods outlined in Figure 3 are followed. (F) Summary chart of phenotypes induced by direct
ARPCS5 or YAP inhibition. For A-E, white bars indicate siScrambled control and black bars
indicate the gene specific sSiIRNA knockdown group. Each experiment was performed in
triplicate, and a single representative experiment is shown (*, p < 0.05) (ND = no significant
difference)

2.5.5 ARPC5 and ARPCS5L have an inverse relationship in melanoma

ARPCS is a member of the 7 subunit ARP2/3 complex, a crucial regulator of actin
nucleation, shown schematically in Figure 7B (Weaver et al., 2001). Meta-analysis of the
melanoma TCGA dataset reveals that expression levels of each of the ARP2/3 family members
are often altered in melanoma patients (percentage shown next to each subunit in Figure 2.7A).
Taken together, alterations to any of the ARP2/3 subunits occurs in 61% of melanoma patients
from the TCGA dataset, and that the majority of these differences are due to increased
expression, as opposed to mutations or gene duplications (Figure 2.7A).

In addition to ARPCS5, there is a separate isoform, ARPC5L, which can substitute for
ARPCS5 in the ARP2/3 complex. Previous studies have shown that these two subunits result in
unique ARP2/3 complexes which drive different actin dynamics with regards to actin filament
stability, depending on which isoform is in the complex (Abella et al. 2016). ARP2/3 complexes
that contained ARPCS5L resulted in actin filaments that dissembled ~2 fold more slowly than
filaments made by complexes with ARPC5 (Abella et al. 2016). In contrast to the other ARP2/3
family members, ARPC5L expression in the TCGA melanoma dataset is more commonly under
expressed than overexpressed (23/36 altered cases, Figure 2.7A). A comparison of the two

isoforms reveal an approximately 2-fold increase in ARPC5 expression and a concomitant 2-fold
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decrease in ARPC5L expression in tumor vs normal tissue samples (Figure 2.7C). Furthermore,
examination of ARPC5 vs ARPC5L expression in benign nevus vs cutaneous melanoma in a
separate melanoma dataset shows the same pattern (Figure 2.7D, (Talantov et al. 2005)). In
summary, ARP2/3 complex members are often overexpressed in melanoma, but ARPC5L and

ARPC5 have an inverse relationship with regards to expression levels.

2.5.6 Inhibition of YAP results in higher numbers of ARP2/3 complexes containing
ARPC5L

We saw in our earlier results that ARPC5 protein levels decrease with YAP inhibition. In
terms of ARPC5L, expression post YAP inhibition is not altered in the majority of lines
examined, with the exception of a trend toward an increase in A375 cells (Figure 2.5). To
investigate whether or not this decrease in ARPC5 expression could physiologically change the
number of ARP2/3 complexes with ARPC5 as opposed to ARPC5L, we performed proximity
ligation assays (PLA) with ARPC5L and ARPC2 (a complex member with no substitute) in
mel537 and A375 cells treated with siYAP, siTAZ, siYAP/TAZ, or siARPC5. Quantification of
the results revealed an increase in complexes with ARPC5L in YAP, YAP/TAZ, and ARPC5
inhibited cells (p<0.05, n = 100 cells/group). Collectively, this suggests that Y AP predominantly
drives expression of ARPC5 which results in higher number of ARP2/3 complexes containing

ARPCS5 in melanoma (Figure 2.7E,F).
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Figure 2.7: The relationship between ARPC5, ARPC5L in melanoma cells. (A,B) ARP2/3
subunits, except ARPCSL, are frequently overexpressed in human melanoma patients. Meta-
analysis of the melanoma TCGA dataset for expression levels of ARP2/3 complex subunits from
cBioportal (287 with ARP2/3 abnormalities of 471 total patients shown) represented as an
oncoprint. (B). Representation of ARP2/3 complex on actin filament Isoforms are grouped by
color and designated with percent of cases altered in human melanoma TCGA dataset. (C,D)
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Figure 2.7 (continued) Expression of ARPC5 and ARPC5L is increased and decreased
respectively in human melanoma. (C) ARPC5 GEPIA expression analysis of ARPC5 and
ARPCSL transcripts comparing tumor to normal tissue from GTex and TCGA human melanoma
datasets (D) Oncomine expression analysis comparing Benign nevus to Cutaneous melanoma
samples for ARPC5 and ARPCS5L (E-F) Proximity ligation assay (representative picture in E) on
cells transfected with siRNA targeting YAP, TAZ, YAP/TAZ, and ARPC5. The results are
quantified in (F), where average puncta per nuclei per group were counted (n=200). Values are
mean + SD. (*, p < 0.05).

2.6 DISCUSSION

YAP and TAZ are often dysregulated in many different types of cancers, where they
drive expression of genes crucial for cancer initiation, progression, and metastasis (Zanconato et
al. 2018; Zhao et al. 2008; Nallet-Staub et al. 2014; C. Y. Liu et al. 2017; Martinez et al. 2019;
Guo, Kang, and Zhao 2018). In melanoma, inhibition of YAP and TAZ lead to decreases in
invasion and lung colonies in nude mice tail vein injections (Nallet-Staub et al. 2014). In the
context of drug resistance, PLX4032 resistant melanoma cell lines exhibited a gene signature
similar to that of increased YAP activity, while YAP/TAZ inhibition led to lower viability in the
presence of PLX4032 (M. H. Kim et al. 2016b). Furthermore increased Y AP activity led to
increased PLX4032 resistance (M. H. Kim et al. 2016b; Fisher et al. 2017). While these studies
support the role of YAP in melanoma, the role that TAZ plays is not always directly addressed
experimentally. It is possible that the two cofactors play unique roles specific for certain cancer
processes. Here, we examine each factor and discover Y AP-specific roles for melanoma

migration and focal adhesion numbers.
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Although genetic data indicates functional redundancy in some contexts, it should not be
unexpected that these two proteins could have evolved unique functions, particularly given that
YAP and TAZ contain unique moieties (Varelas 2014). Indeed, recent reports have started to
delineate differential roles between these two transcriptional coactivators. YAP was found to be
elevated in benign nevi and primary cutaneous melanomas as compared to normal melanocytes
(X. Zhang et al. 2019). Furthermore, the same group found that in YAP inhibited conditions,
TAZ is not able to compensate for YAP in the context of cell viability. In HEK293 cells, YAP
was found to have greater impact than TAZ on cell proliferation and migration, among other cell
functions (Plouffe et al. 2018). We find that YAP, but not TAZ, is the predominant player in our
melanoma cell lines. Cancer Dependency Map Analysis (Figure 2.1), functional experiments
(Figure 2.2, 2.3), and RNA-sequencing (Figure 2.4) all reveal a more substantial role of YAP
than TAZ in their regulation of human melanoma progression. It is especially interesting that
different cancers have unique and redundant roles for YAP and TAZ. A clue to the differential
roles YAP and TAZ play may lay in the protein domains unique to YAP or TAZ. Due to the lack
of DNA binding domain in YAP and TAZ, it is possible that YAP and TAZ have different
binding partners specific to their unique binding domains to help facilitate their downstream
effects. Future studies into protein domains specific to YAP, such as the SH3 and second WW
domain, will be needed to fully understand how Y AP drives migration and survival.

Here we find ARPCS5 is downregulated with inhibition of YAP, but not TAZ. We show
that direct inhibition of ARPC5 or YAP led to decreased cell migration and focal adhesion
numbers. In head and neck squamous cell carcinoma, inhibition of ARPC5 decreased cancer cell

migration and invasion (Kinoshita et al. 2012). In multiple myeloma, ARPC5 has been
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implicated in its potential use as a biomarker for the disease (Xiong and Luo 2018). While those
two studies and others have implicated a role of ARPC5 in driving cancer migration and invasion
in other cancers, it has never been implicated in melanoma. Our data suggest that YAP is able to
drive melanoma cell migration through transcriptional control of the ARP2/3 complex
constituent ARPC5. Interestingly enough, the ARP2/3 complex has different properties with
respect to the stability of the actin strands after nucleation when it contains ARPC5 vs ARPC5L
(Abella et al. 2016). We find that ARPC5L. does not change with either YAP or TAZ inhibition
(Figure 2.5). Direct knockdown of ARPC5 phenocopies YAP inhibition in terms of decreased
melanoma cell migration and focal adhesion numbers (Figure 2.6). As focal adhesion dynamics
and cell migration are closely linked, it is possible that YAP controls focal adhesion turnover,
dynamics, and stability through its regulation of ARPC5 (Nagano et al. 2012; Hoock et al. 2019).
Furthermore, melanoma cells shift to larger numbers of ARPC5L-ARP2/3 complexes as
compared to control than with inhibition of YAP or ARPC5, but not TAZ (Figure 2.7). We
propose a model whereby YAP, but not TAZ, drives increased expression of ARPCS5, in turn
resulting in larger amounts of ARP2/3-ARPC5 complexes that result in a more migratory
phenotype (Figure 2.8). The dynamic control of actin has been shown to control melanoma drug
resistance, tumorigenesis, and even YAP/TAZ activity, among other functions (J. Kang et al.
2018; M. H. Kim et al. 2016b; Panciera et al. 2017). Further studies into how ARPC5 are needed
to elucidate the mechanism of ARPC5-ARP2/3 driven metastasis.

In conclusion, this study provides evidence that YAP plays a more crucial role than TAZ
in driving pro-tumorigenic phenotypes in melanoma cells, suggesting that YAP is a driver of

melanoma progression, migration, and invasion. We provide support that YAP drives melanoma
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migration through Y AP specific regulation of ARPC5, shifting ARP2/3 dynamics towards a pro-
migratory phenotype. Lastly, we postulate that melanoma is a great model to study differences
between YAP and TAZ, as both biased and unbiased screens show a higher reliance on YAP in
melanoma. While future studies will be needed to understand fully how YAP and TAZ differ, it
is clear that these two genes have both overlapping and unique effects in driving their
downstream effects.

At

YAP

\

$Focal adhesions, migration

Figure 2.8: Proposed Model for YAP driven regulation of ARPC5 in melanoma migration. YAP
drives expression of ARPCS5. Increased expression of ARPC5 results in larger amounts of
ARP2/3 complexes containing ARPC5 as opposed to ARPC5L. This shift in subunit results in
increased numbers of focal adhesions and melanoma cell migration

55



CHAPTER 3: THE EFFICIENCY OF VERTEPORFIN AS A THERAPEUTIC OPTION

IN PRE-CLINICAL MODELS OF MELANOMA
3.1 ABSTRACT

Yes Associated Protein 1 (YAP) and Transcriptional coactivator with PDZ-Binding Motif (TAZ)
have gained notoriety for their ability to drive tumor initiation and progression in a wide variety
of cancers, including melanoma. YAP and TAZ act as drivers of melanoma through its
interaction with the TEAD family of transcription factors. Verteporfin is a benzoporphyrin
derivative that is used clinically for photodynamic treatment of macular degeneration. Recently it
has emerged as a potential inhibitor of YAP/TAZ-TEAD interaction independent of light
activation. In this study we determine if verteporfin has clinical potential by testing this
compound on human melanoma cell cultures and in a clinically significant mouse model, Braf*;
Tyr-CreERT2; Pten”’, which parallels human melanoma in terms of disease progression,
genetics, and histopathology. In culture, Verteporfin treatment induces a rapid drop in YAP and
TAZ protein levels and cell numbers. In the transgenic model, utilizing drug levels that
correspond to previously determined safe doses in human patients and with a dosing regimen
calculated in this study, Verteporfin did not inhibit melanoma initiation or progression in
comparison to mock treated controls. Taken together, our study suggests that although
Verteporfin induces YAP/TAZ degradation in melanoma cell lines, Verteporfin was not effective
as a YAP/TAZ-TEAD specific inhibitor of melanoma in our studies that aimed to mimic

conditions found in clinic in terms of treatment regimen and disease model.
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3.2 AUTHOR CONTRIBUTIONS

The majority of the work presented in this chapter was performed by myself. However, several
individuals worked alongside me to conduct several of the experiments. Sixia Xiao helped to
perform the immunohistochemistry found in Figure 3.8. Kelsey Ogomori helped to perform the
Western Blot analysis found in Figure 3.1. Jon Hammarstedt helped to perform the scratch
assay measurements found in Figure 3.3. Elizabeth Little taught me how to administer the small
molecule inhibitor via intraperitoneal injection. This chapter was published in the Journal of

Cancer (Lui et al., 2019).

3.3 INTRODUCTION

Melanoma is a tumor with an aggressive nature, high degree of metastasis and a rising
incidence rate (Reed et al. 2012). Although significant discoveries have expanded therapeutic
options in recent years, there are still many clinical challenges toward treating this disease. Yes
Associated Protein 1 (YAP) and Transcriptional coactivator with PDZ-Binding Motif (TAZ) are
two transcriptional coactivators that have been implicated to drive many different cellular
processes that favor cellular proliferation, drug resistance, and metastasis in a wide variety of
cancers, including melanoma (Nallet-Staub et al. 2014; Zanconato, Cordenonsi, and Piccolo
2016). YAP and TAZ were originally discovered as crucial members of the organ size
controlling Hippo Pathway, where a central core kinase cascade regulates the location (and
subsequently the transcriptional activity) of YAP and TAZ. In addition to the Hippo Pathway,
recent studies have also shown YAP and TAZ to be regulated by a wide variety of Hippo

independent signals (3). Both YAP and TAZ do not contain a DNA binding domain, so
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formation of a complex with transcription factors to drive expression of downstream target genes
is required. Traditionally their main partners in driving cancer progression and survival are the
TEAD family of transcription factors (Zhao et al. 2008). Thus, it is possible that inhibition of
YAP/TAZ-TEAD interaction could prove to be a viable therapeutic strategy against melanoma.
Verteporfin (market name Visudyne) is a benzoporphyrin derivative that has been
traditionally used in the clinic for photodynamic treatment of macular degeneration (Liu-
Chittenden et al. 2012). A recent in vitro screen yielded Verteporfin as a candidate inhibitor of
YAP-TEAD interaction independent of light activation (Liu-Chittenden et al. 2012). Since then,
many studies have shown that Verteporfin inhibits tumor volume, growth, and Y AP expression
in a wide variety of xenograft models (Gibault et al. 2016). While xenograft models in
melanoma are a valuable tool for studying human melanoma cells and the process of metastasis
in an in vivo environment, this mouse model is poorly predictive of clinical efficiency (Merlino
et al. 2013). Transgenic models, with intact microenvironments and immune systems, are a
better predictor of translational outcomes for human patients (Day, Merlino, and VVan Dyke
2015; Olive et al. 2009). Prior to these studies, Verteporfin use has not been examined in
cutaneous melanoma. Therefore, the ability of Verteporfin to inhibit melanoma growth and
survival was tested. The response to Verteporfin by a panel of human melanoma cell lines in
culture in terms of YAP and TAZ protein levels, cell growth, migration, and cellular morphology
was measured. In addition, Verteporfin was tested as a therapeutic agent for melanoma in a pre-
clinical transgenic model, Braf®?; Tyr-CreERT2; Pten”" mice, following a determined dosing

regimen at clinically relevant drug levels.
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3.4 MATERIALS AND METHODS

Cell culture and growth curves

Human melanoma lines A375, LOX IMVI, A375-P, A375-M, mel-537, mel-624,
SKMELDS5, SKMEL23 and SKMEL28 (ATCC, Manassas, VA and University of Chicago
Comprehensive Cancer Center Core Facilities) were cultured in DMEM with 10% FBS (Sigma-
Aldrich). A375M and A375P refer to selected cell lines derived from A375 cells that exhibit low
and high levels of metastasis for the A375 cell line in vivo (Kozlowski et al. 1984). Morphology,
melanoma-marker testing, and histological analysis were used to verify melanoma cell identity
and lack of mycoplasma contamination. For cellular growth curves, Cells were initially seeded
at 10-20% and images in 5 random locations were taken daily. Cell numbers were calculated by
averaging the daily cell counts for each of the 5 images per group over the course of 0 to 8 days
in various conditions (Verteporfin treatments, DMSO treatments, YAP/TAZ knockdowns and
transfection with siScramble controls). All growth curve experiments were performed minimally
in triplicate. Normalization of curves was performed by calculating fold change levels over

starting cell numbers from day O.

Western analysis

Cells were lysed in RIPA buffer and 30 pg total protein was separated on 4-15% Bis-
Tris gels and subsequently transferred to nitrocellulose membranes. The membranes were then
probed overnight with 1:1000 YAP/TAZ antibody (Cell Signaling) and 1:10000 GAPDH (Cell

Signaling). Membranes were washed with 1X TBS-T three times for 20 minutes and incubated
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with 1:4000 goat anti-rabbit IgG-HRP (Santa Cruz) and developed with Clarity Western ECL

substrate according to the manufacturer’s instructions (Bio-Rad).

Verteporfin timecourse

Cells were treated with Verteporfin (Sigma-Aldrich) at concentrations of 1, 2, 5 uM,
or DMSO carrier alone. Cells lysates were collected at various time points (30 minutes, 2 hours,
3 hours, 24 hours) and analyzed for YAP and TAZ levels via Western blotting. Verteporfin

treated samples were compared to DMSO vehicle control treated cells.

SiRNA treatment

Cells were seeded at 50-70% confluency in 6-well plates and subsequently
transfected with 5ul of a 20uM siRNA stock solution against YAP1, WWRT1 (TAZ), and/or
siScramble (Thermofisher ID Number S20366 - YAP1, S24787 - WWTR1, 4390844 -
siScramble) using Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s

instructions. Cell lysates were collected 2 days post-siRNA transfection.

Scratch assays

Scratch assays were performed and analyzed following prior methods (Liang, Park, and
Guan 2007; H. Lee, Kim, and Kim 2012). Cells were seeded at full confluency in 6 well plates.
After siRNA transfection a wound was created using a 10 puM sterile tip. The media was then
replaced with DMEM (10% FBS) with or without 2 uM Verteporfin. Photographs were taken

immediately after wound creation and 24 hours post scratch. The open area was measured in
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arbitrary units using the ruler tool in Adobe Photoshop CS6. Percent closure for each picture pair
(0 hr and 24 hr) was calculated as (gap at 24 hr/gap at 0 hr X 100). For each group (experimental
and control) and cell line, the experiments were performed minimally in triplicate. For graphs
shown in Figure 3, the level of closure for each control cell line at 24 hr is set to 100% to

normalize the data across cell lines.

Cell length and morphology

Cells were treated with Verteporfin (2 ug/ml), siYAP/TAZ, or DMSO alone (2
ug/ml). Cell length was defined as the length from the tip of the longest dendrite to the cell body
to the tip of the second longest dendrite. Length was then measured in arbitrary units for 50 cells

in each group using the ruler tool in Photoshop CS6.

Mouse Verteporfin treatments

Braf?; Tyr-CreERT2; Pten”" mice were previously described (Dankort et al. 2009).
For localized melanoma induction, topical administration of 1-2 pl of 1.9 mg/ml (5mM) 4-
hydroxytamoxifen (4HT) was applied on three consecutive days to 12 week old Braf?; Tyr-
CreERT2; Pten” mice. The mice were subjected to 4 and 6 mg/kg Verteporfin intraperitoneal
injections every other day for the course of the study starting the first day of melanoma
induction. An equivalent amount of DMSO was used as a vehicle control. Tumors were collected

42 days post induction.
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Mouse Verteporfin kinetics

The following protocol was modified from previous methods (Busetti et al. 1999).
Wildtype mice (6 mice/group) were subjected to 0, 2, 4, 6 mg/kg Verteporfin intraperitoneal
injections. Mouse tissue samples were collected 6, 24, 48, and 72 hours post IP-injections. The
samples were then homogenized in 2% SDS, diluted tenfold with a chloroform-methanol binary
mixture (1:2 v/v), and centrifuged for 10 min at 3000 RPM. The resulting supernatant was then
measured using fluorescent spectroscopy with excitation settings at 400 nm and emission at 550-

750 nm.

Immunohistochemistry

Skin tumor samples were harvested from mice 42 days post induction. Tumor
samples were fixed with formalin and subsequently paraffin embedded. Tissue was cut into SpM
slices and rehydrated through an ethanol to water wash series. Antigen retrieval was performed
by boiling the sections in Tris-EDTA buffer for 30 minutes and subsequently placed in cold
ddH20 for 10 minutes. Sections were blocked using 5% normal horse serum in 1X TBS and
probed for YAP/TAZ (Cell Signaling, 1:200) at 4 degrees Celsius overnight. Sections were
washed with 1X TBS-T and incubated with DyLight 594 Anti-Rabbit 1gG (diluted in blocking
buffer 1:200, Vector Labs) at room temperature for an hour. Three additional washes with
washing buffer for 5 minutes were performed prior to mounting with Vectashield Anti-fade

Mounting Medium with DAPI (Vectashield).
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Densitometric analyses of YAP/TAZ expression

To quantify levels of expression of YAP and TAZ in experimental and control group
tumor specimens, 10 images were taken from 3 independent slides where YAP and TAZ
expression were detected by immunofluorescence analysis. For each image, densitometry of the
resultant fluorescence was performed with ImageJ software (ImageJ version 1.47 public domain
software; National Institutes of Health, Bethesda, MD, USA). For normalization of the values,
each densitometric reading for YAP/TAZ (red channel) was divided by the value for the nuclear
DAPI staining from the blue channel. The data presented are densitometric readings from the

averages from the three independent slides per group.

Statistical analyses

Significance of the differences between the control and experimental groups was
determined with Student’s t-test and Chi-square analysis with a confidence interval of 95%. Al
values stated as significant have p values of less than or equal to 0.05 unless indicated. All

experiments were performed minimally in triplicate.

3.5 RESULTS
3.5.1 YAP and TAZ are expressed in melanoma cells, and this expression is reduced by

Verteporfin

To initially determine the effect of Verteporfin on YAP and TAZ, 9 human melanoma

cell lines were analyzed for the presence of YAP and TAZ proteins. 7 lines expressed varying
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degrees of both YAP and TAZ protein, while 2 lines expressed either YAP or TAZ (Figure 1A).
Three lines (A375, SKMELDS5, mel-537) were chosen for further analysis based on their varying
degrees of YAP and TAZ expression. The benzoporphyrine derivative, Verteporfin (Figure 1B),
was identified as an inhibitor of YAP and TAZ function (Liu-Chittenden et al. 2012).
Verteporfin treatment (2 uM) leads to a decrease in both YAP and TAZ protein levels that was

detectable as early as 30 minutes and up to 24 hours (Figures 3.1C,3.1D).

3.5.2 Both Verteporfin treatment and direct RNA-interference of YAP and TAZ inhibits
cell population expansion in melanoma cells

YAP and TAZ, as downstream effectors of the HIPPO signaling pathway, are implicated
in controlling cellular proliferation and organ size in humans and flies (J. Huang et al. 2005;
Dong et al. 2007). To determine if Verteporfin affects melanoma cell growth, cell numbers were
were recorded over a time course with exposure to the drug or with carrier alone (DMSO).
Verteporfin treatment at 2 different concentrations (2 and 5 pM) led to a reduced rate of
melanoma cell proliferation over a time-course of several days as compared to vehicle control
(Figure 3.2A). While each cell line exhibited multiple population doublings in control groups,
the rate of cell proliferation in Verteporfin-treated groups did not significantly rise above starting
cell numbers in the three lines tested. Here, we find that Verteporfin significantly inhibits cell
growth in A375, mel-624, and mel-537 melanoma cells at concentrations of 2 and SuM. Since
Verteporfin treatment led to a reduction of cellular growth and YAP/TAZ protein levels, and that

Verteporfin has been previously described to inhibit YAP and TAZ function (Liu-Chittenden et

64



al. 2012), inhibition of YAP and TAZ through siRNA targeting was performed to determine if

the resulting cellular phenotype would replicate that of Verteporfin treatment. Multiple
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Figure 3.1: Verteporfin treatment decreases YAP and TAZ protein levels in melanoma cells. (A)
YAP and TAZ are expressed in melanoma cells. Western blot analysis probing for YAP and
TAZ, with GAPDH as a loading control, was performed in a panel of cell lines (Lanes 1-9). (B)
Chemical structure diagram of Verteporfin, as modified from information from manufacturer
(Sigma-Alrich). (C) YAP and TAZ protein levels drop upon Verteporfin treatment. A375,
SKMELD5, and mel-537 cells were treated with Verteporfin at 2 uM. DMSO was used as a
vehicle control. 2 hours after treatment, cell lysates were collected for Western blot analysis. (D)
A375 cells were subjected to Verteporfin treatment (2uM) and cell lysates were collected 30
minutes, 3 hours, and 24 hours post treatment for Western analysis testing for YAP and TAZ
expression, with GAPDH as a loading control.

YAP and TAZ specific sSiRNAs were tested for specificity and efficiency in inhibition (Figure

3.3), and siTAZ2 and siY AP4 were utilized for all following experiments. These siRNAs inhibit
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>90% of each protein, as well as both factors when combined (Figure 3.2B). In parallel with the
findings for Verteporfin, inhibition of both YAP and TAZ lead to a significant reduction in the
rate of melanoma cell proliferation as compared to the siScramble control group (Figure 3.2C).
Block of both YAP and TAZ expression resulted in cell numbers of <50% and <10% in A375
and mel-537 cells, respectively, in comparison to siScramble control groups, as determined by
quantification of cell numbers in at least 5 cell fields/group (100X magnification). Both
Verteporfin treatment and inhibition of YAP and TAZ by siRNA resulted in a significant

attenuation in cell population expansion in A375 and mel-537 cells.
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Figure 3.2: Verteporfin treatment and direct RNA-interference of YAP and TAZ inhibits cell
population expansion. (A) Verteporfin treatment reduces the rate of melanoma cell proliferation.
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Figure 3.2 (continued) SKMELD5, mel-624, and mel-537 cells were subjected to Verteporfin
treatment (2 and 5 uM) and cell counts were taken over the course of 5 days. There are
significant differences between control and experimental groups at 5 days of treatment (p<0.05).
Cells from at least five independent fields (100X magnification, with approximately 10-500
cells/field depending on experimental group and conditions) for each experiment were counted,
and experiments were performed in triplicate. Graphs are plotted as fold change in overall cell
numbers (y axis) over time (x axis). (B) Gene-specific targeting of YAP, TAZ, or both in
melanoma cells. Western analysis probing for YAP and TAZ, with GAPDH as a loading
control, was performed in A375 (top panel) and mel-537 (lower panel) cell lines. Expression of
both YAP and TAZ is inhibited by >90% of control levels as measured by densitometry for both
cell lines (A375 and mel-537). (C) Gene-specific sSiRNA against YAP and TAZ lead to reduced
melanoma cell numbers when compared to cells transfected with siScramble negative control
siRNAs. There is a significant difference in cell numbers at day 3 (A375) or Day 6 (mel-
537)(p<0.05). Cell counts were performed following methods described in (A).
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Figure 3.3: Multiple YAP and TAZ targeted siRNAs are specific for YAP and TAZ.
Western analysis for YAP and TAZ protein levels in A375 cells transfected with TAZ-specific
(SITAZ-1, SiTAZ-2) or Y AP-specific (siYAP-3, siYAP-4) siRNA. Antibody for YAP/TAZ
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Figure 3.3 (continued) recognizes both proteins, but a longer exposure is required to sufficiently
visualize YAP (long exposure) in comparison to TAZ (short exposure). Western membranes
were stripped and reprobed with an antibody recognizing GAPDH to function as a loading
control.

3.5.3 Cellular response between Verteporfin treatment and direct RNA-interference of
YAP and TAZ is divergent in terms of cellular morphology

Other functional tests, including migration assays and cell length quantification, were
performed on cells treated with Verteporfin and YAP/TAZ siRNA treated cells. To test
migration, wound healing assays were performed, and the scratch area was measured right after
wound creation (time 0). At set times after the procedure (depending on cell line) the distance of
cells migrating into the area was measured. Two sets of experiments were run, one with
Verteporfin and DMSO as a control (Figure 3A), and siYAP/TAZ and siScramble as a control
(Figure 3.4B). To normalize findings between cell lines, gap closure of control cells at 24 hours
post scratch formation is set at 100% control closure levels. Both experiments showed similar
but not identical trends. Verteporfin inhibited migration in 4/6 cell lines. One of the lines with a
significant attenuation in migration by Verteporfin, A375, had a similar trend with siYAP/TAZ,
albeit not to significant levels. In addition, mel-537 cells did not demonstrate any significant
migratory change with Verteporfin treatment, but migration of this cell line was significantly
inhibited with sSiRNA interference of YAP and TAZ.

Cell morphology and length was also analyzed between Verteporfin treated cells and
cells with YAP and TAZ inhibition with siRNA. Overall, the cells had morphological differences

between all groups. In comparison to controls, Verteporfin treated cells were rounded and
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appeared to have vesicles, while the siYAP/TAZ treated cells were longer and linear/bipolar
rather than epithelioid/polygonal (Figure 3.5A). The siYAP/TAZ treated cells were significantly

longer than control cells, while Verteporfin treated cells were not. The overall cell length was
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Figure 3.4. Both Verteporfin treatment and siRNA inhibition of YAP and TAZ inhibit
melanoma cell migration. (A) Wound healing assay in Verteporfin (2uM) treated melanoma
cells. The percent of wound closure was measured by dividing the width of the initial wound
with the width of the wound 24 hours post scratch for the various groups comparing Verteporfin
treated cells to control in 6 different melanoma lines. DMSO was used as a vehicle control. (B)
Wound healing assay in YAP/TAZ siRNA inhibited melanoma cells. The percent of wound
closure 24 hours post wound was measured comparing YAP/TAZ knockdown cells to
siScrambled control in A375 and mel-537 cells. For both panels, an asterisk (*) indicates p<0.05,
or p<0.005 for SKMEL-28 cells.
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Figure 3.5: Verteporfin treatment does not phenocopy dual YAP/TAZ knockdown. (A, B) YAP
and TAZ loss through siRNA inhibition, but not Verteporfin treatment, induced elongated
dendritic extensions. Dendritic extension length was measured in Verteporfin treated (2uM) or
YAP/TAZ siRNA inhibited in A375 and mel-537 cells 2 days post treatment. DMSO vehicle and
siScramble treatments were used as controls. Examples of overall cellular morphology (A) and
quantification of dendritic extensions (B) where average control cell length is set at 100% cell
length. For each group, at least 200 cells/group was measured. Only the siYAP + siTAZ cell
group demonstrated a significant length difference when compared to its matched control group
siScramble (both cell lines p<0.05 as indicated by an asterisk (*)).

measured as the distance from the distal points from the longest dendritic-like process to the cell

body and then again to the next longest process (Figure 3.5B). After sSiRNA induced YAP/TAZ
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knockdowns, both A375 and mel-537 cells increased processes to 134.2% + 36.8% and 135.1 +
48.8% respectively as compared to all other groups (DMSO, Verteporfin, siScramble, n = 200
cells/group, p<0.05). While there are similar trends between Verteporfin treated cells and cells
with YAP/TAZ inhibition due to siRNA interference, there are also some differences in the

cellular response including migration, morphology, and cell length.

3.5.4 Verteporfin treatment of a mouse model of melanoma does not result in a significant
change in tumor initiation, progression, or overall tumor size

Verteporfin treatment was tested in an in situ transgenic model of melanoma. For this
pre-clinical study, parameters were set utilizing a model that has similar tumor progression and
genetics to the human disease, and with drug dosing that follows levels outlined for prior human
clinical trials and usage in patients. For the mouse model, the Braf*; Tyr-CreERT2; Pten"
transgenic mice, where topically administered tamoxifen induces expression of a mutant Braf
allele and deletes Pten expression (Dankort et al. 2009), was selected to induce in situ melanoma
formation (Figure 3.6). This model mimics human disease genetically, histologically, and in the
kinetics of disease progression. After three treatments of tamoxifen topically, the model typically
develops pigmented lesions in approximately two weeks that quickly progresses to large nodular
tumors within the following 2-4 weeks (Hooijkaas et al. 2012; Dankort et al. 2009). In terms of
dose, amounts were derived from prior studies for human use, and equivalent levels were given
to the mice that were determined to be safe in humans in the clinic, following guidelines outlined

by the Treatment of Age-related Macular Degeneration with Photodynamic Therapy (TAP) study
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group (Bressler 1999) and in clinical trials for eye disease and cancer (Bressler and Bressler
2000; Huggett et al. 2014). In these studies, it was determined that optimal dose was 6 mg per
square meter of body surface area (but up to 12 mg/m? was tolerated). Following prior methods
for conversion between mg/m? to mg per kg of body weight (Schein et al. 1970; Freireich et al.
1966), this converts to 0.2-0.4 mg/kg for humans, or 2-4 mg/kg for mice.

To properly test Verteporfin as a therapeutic in vivo, we tested the kinetics of Verteporfin
in the C57B6 mouse strain. Following previously published methods (Busetti et al. 1999) we first
identified optimum absorbance for detecting Verteporfin in tissues (680 nm) as well a
corresponding spectral peak for background and low Verteporfin absorbance (540 nm).

Readings were normalized by dividing Verteporfin readings at 680 nm by background levels at
540 nm (Figure 3.7). To test penetrance and durability of Verteporfin in mouse tissues, mice
were treated with three doses of drug (2, 4, and 6mg/Kg) and liver and skin tissues were
collected over a time course of 6, 24, 48 and 72 hours. Verteporfin levels in both the skin and
liver dropped quickly in the first 24 hours but were still present for up to 3 days post injection
(Figure 3.7). Based on these control experiments, a drug treatment regimen of intraperitoneal
injections every other day at 2 different Verteporfin concentrations was performed. Under the
conditions tested, Verteporfin treatment did not inhibit tumor initiation as compared to the
DMSO control (Figure 3.8A). Verteporfin and DMSO treated control mice were observed daily
for the presence of pigmented lesions at the location of tamoxifen treatment on shaved back skin.
Both experimental and control groups developed nevoid-like growths between 18 to 21 days post

tamoxifen induction, with insignificant differences in nevi appearance between the 4 and 6
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Figure 3.6. Summary schematic of Braf®?; Tyr-CreERT2; Pten”"

experiments. (A) Treatment and transgenes in the Braf“?; Tyr-CreERT2; Pten”" model. 4-
hydroxytamoxifen (4HT) is applied topically, which deletes PTEN while simultaneously
inducing expression of a constitutively active BRAF, inducing melanoma in the mouse. (B)
Schematic of timeline for experimental procedure and kinetics of tumor initiation and

progression.
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Figure 3.7 (continued) Verteporfin absorbance/low tissue background at 680 nm and low
Verteporfin absorbance/high tissue background at 540 nm. Readings are displayed as absorbance
over wavelength, shown with absorbance plotted as log (upper graph) and linear (lower graph)
scale. (B) Verteporfin levels are still present 3 days post injection. Wildtype mice (6 mice/group)
were subjected to 0 (control group), 2 (blue line), 4 (red), 6 (green) mg/kg Verteporfin
intraperitoneal (IP) injections. Mouse tissue samples were collected 6, 24, 48, and 72 hours post
IP injection. The levels of Verteporfin (readings at 680 nm) were normalized against tissue
background (at 540 nm) and plotted against time post-injection prior to tissue collection.

mg/Kg groups and the control mice using either the Mantel-Cox log-rank test (P = 0.3462) or the
Gehan-Breslow-Wilcoxon test (P = 0.5597). In our system, there was no significant difference
in the progression of tumors in terms of overall tumor size. After tumor initiation, the pigmented
lesions develop into nodular melanoma in this mouse model in approximately 4 weeks after
tamoxifen induction (Figure 3.8). At 45 days, the tumors grew to nodules of approximately 1cm?
and mice were sacrificed and tissue was harvested. The gross appearance of tumors was similar
between groups (example shown in Figure 3.8B). Mouse tumors were measured with a caliper
externally and volumes were calculated using the formula V= a X b?/2, where a is the largest
diameter and b in the smallest (24). Tumor sizes are normalized to percent of the average size for
control (DMSO treated) tumors. There was not a significant difference in tumor size between
treatment and control groups (p=0.262, Figure 3.8C).

Levels of YAP/TAZ were detected in the collected tumors. Immunohistochemical
staining for YAP/TAZ shows no reduction of YAP/TAZ levels in Verteporfin samples as
compared to DMSO control (Figure 3.8D). To quantify the immunofluorescent staining,
YAP/TAZ (red channel) was measured by densitometry using image analysis (ImageJ) from 3

samples and 10 separate images per sample, and the values were normalized to DAPI nuclear
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stain fluorescence (blue channel). The difference in the fluorescent staining between
experimental and control groups was not significant (p=0.326, Figure 3.8E).

In summary, we provide evidence that although Verteporfin induces both a rapid drop in
YAP/TAZ protein levels and a reduction in melanoma cell numbers in culture, it does not inhibit
melanoma tumor initiation and progression in vivo in Braf°A, Tyr-CreERT2, Pten”" mice. These

data suggest that a role for Verteporfin as a candidate for melanoma therapeutics is limited.

3.6 DISCUSSION

YAP and TAZ make attractive targets for melanoma therapy due to their roles in
melanoma progression. Recent reports implicating Verteporfin as a molecule that targets and
disrupts the function of these proteins make this small molecule inhibitor an attractive melanoma
therapeutic candidate. While our data and others support an inhibitory role of Verteporfin on
YAP/TAZ proteins in culture and in orthotopic models, this drug was not effective in the BrafA;
Tyr-CreERT2; Pten” transgenic model of melanoma. The work presented here demonstrates
some in culture effects of Verteporfin on tumor cells that mirror YAP/TAZ inhibition by siRNA
(Figure 3.2). However, there are also some notable differences. Most notably, there was a
significant divergence in outcomes on cellular phenotype and cell length. While siRNA targeting
YAP and TAZ induce an elongated bipolar cell morphology, this was not seen with Verteporfin
treatment over a wide span of drug concentrations (0.1 ng to 10 uM) (Figure 3.5). An even more
significant difference between our studies and prior published works is the reporting of
significant in vivo anti-tumor properties of Verteporfin while our findings do not. While the

findings in these other papers record significant findings, we believe that the lack of response
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Verteporfin treatment in this report (Figure 3.8) is due to differences in our experimental
approach. The rationale for this conclusion is 1) the mouse models used in the studies, 2) the
methods used to calculate proper dosage of drug, and 3) drug delivery route. Our studies, as
designed, should more faithfully predict how Verteporfin would function in clinic as a drug
treatment of melanoma.

To conduct the experiments presented here, a transgenic model of melanoma was
employed since the in situ initiation, tumor progression, disease kinetics, and histopathology
more faithfully mimic human melanoma (Becher and Holland 2006; Dankort et al. 2009) than
the immunodeficient transplant models used for other published studies (Feng et al. 2014; Jiang
et al. 2015; Nguyen et al. 2015; Slemmons et al. 2015; Song et al. 2014; Yu et al. 2014). This
difference between models may reveal some insight into the mechanism of action of Verteporfin.
While we saw no effect against melanoma tumors in our model (Figure 3.8) there is no doubt
that there is a measurable and significant consequence of Verteporfin treatment in the transplant
models. It may be that some (or all) of the responsive cells are not the tumor cells at all but the
supportive vasculature. Verteporfin is demonstrated to inhibit angiogenesis and
lymphangiogenesis in both eye diseases and cancer models (Tatar et al. 2007; Hou et al. 2017;
Wei et al. 2017). The disparity in findings may be due to different vascular requirements of
tumors formed in situ in a native environment versus a large mass of transplanted tumor cells.
Another clue is the impressive findings of Verteporfin use in uveal melanoma models (Feng et
al. 2014; Yu et al. 2014). One of these studies, unlike the other published works that rely on
xenograft immunodeficient mouse models, uses a clinically relevant orthotopic transplant to the

vascular rich environment of the eye (Yu et al. 2014). It is not clear if the results are the
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consequence of YAP/TAZ inhibition of the transplant cells or from Verteporfin influencing the
surrounding vascular cells, and if YAP/TAZ is or is not the direct target within these vascular
cells. Indeed, there are reports that find the action of Verteporfin to be YAP/TAZ independent
and our studies support these findings (Huabing Zhang et al. 2015; Dasari et al. 2017).

Another major difference in the experiments presented here and other studies are the
levels of Verteporfin used to treat the mice, as well as the delivery of the drug. As we focused on
designing a murine treatment plan that would faithfully predict how Verteporfin could function
clinically as a melanoma therapeutic, we decided to utilize the mouse equivalent dosing of
Verteporfin that is used in clinic. This is in stark contrast to previously published works, which
use 200-2000X the levels of drug over that what is tested as safe in humans. In support of this,
many of the published studies report a decrease of weight of the experimental mice in
comparison to controls. While this may be due, as proposed, to reduced tumor burden, it may
also be a sign of cachexia. The dosing in the studies presented here follow levels deemed safe for
humans clinically and calculated to the equivalent dosing in mice (Bressler 1999). In addition,
while other studies inject Verteporfin or related compounds directly into or proximal to the
tumor site, the studies presented in this report relied on systemic treatment. The rationale for this
approach is that for clinical efficiency, it is necessary for compounds to travel through the body
in a biologically active form and reach tumors. Melanoma may present with a primary cutaneous
site, but often there are multiple metastases and these secondary tumors are linked to the
morbidity and mortality of this cancer (Zbytek et al. 2008). We find that the drug reaches distal
sites (Figure 3.7), but may be an inactive metabolite, since YAP/TAZ levels are unaffected in

the tumors (Figure 3.8). While our studies do not support Verteporfin as an option for
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melanoma therapy, our studies and others do support that Verteporfin has potential beyond its

current use as a photodynamic therapeutic.
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Figure 3.8. Verteporfin treatment does not inhibit tumor initiation or YAP/TAZ protein levels in
murine melanoma model. Topical administration of 1-2 ul of 1.9 mg/ml (5SmM) 4 -
hydroxytamoxifen (4HT) was applied on three consecutive days to 12 week old Braf?; Tyr-
CreERT2; Pten” mice. The mice were subjected to 4 and 6 mg/kg Verteporfin intraperitoneal
injections every other day for the course of the study starting the first day of melanoma
induction. (A) Verteporfin treatment does not significantly alter initiation of melanocytic tumors
from DMSO control treated mice. Mice were observed daily for the presence of pigmented
lesions at the location of tamoxifen treatment on shaved backskin. Percent of mice lesion free are
graphed by percentage (y axis) over a time course (x axis). (B,C) Verteporfin treatment does not
inhibit tumor progression of melanomas in the Braf®; Tyr-CreERT2; Pten”” mice. Examples of
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Figure 3.8 (continued) gross specimens post dissection are shown (B). Mouse tumors are
measured with a caliper externally and volumes were calculated using the formula V= a X b?/2,
where a is the largest diameter and b in the smallest (Carlsson, Gullberg, and Hafstrém 1983).
Tumor sizes are normalized to percent of the average size for control (DMSO treated) tumors
and graphed by group (C). There was not a significant difference in tumor size between
treatment and control groups at 45 days post tumor induction (p=0.262). (D,E)
Immunohistochemical stain for YAP/TAZ shows no reduction of YAP/TAZ levels in
Verteporfin samples as compared to DMSO control. Tumor samples were fixed with formalin
and subsequently paraffin embedded. 5 uM sections were cut and probed for YAP/TAZ. For the
graph in (E), fluorescent staining for YAP/TAZ (red channel) was quantified by densitometry
measurements using image analysis (ImageJ) from 3 samples and 10 separate images per sample,
and the values were normalized to DAPI nuclear stain fluorescence (blue channel). There was
not a significant difference in the fluorescent staining between Verteporfin treated and control
DMSO treated groups (p=0.326).

80



CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS

4.1 OVERVIEW -

Since their initial discovery over 20 years ago, the transcriptional coactivators YAP and
TAZ have emerged as crucial regulators of mammalian development and disease. More
specifically, misregulation of these paralogous cofactors have been demonstrated to drive a
variety of mammalian cancers in redundant fashions. My dissertation research focused on
elucidating potential mechanisms that YAP and/or TAZ play in driving melanoma.

| first explored potential differences that YAP and TAZ have in driving melanoma
progression and survival. | found that inhibition of YAP or inhibition of TAZ led to vastly
different transcriptomes in melanoma (Figure 2.4), and that inhibition of YAP but not TAZ
resulted in decreased melanoma cell invasion, growth, and focal adhesion numbers (Figure 2.2,
2.3). Furthermore, | found that Y AP drove expression of ARPC5, a member of the 7 subunit
actin modifying ARP2/3 complex (Figure 2.5). Direct inhibition of ARPC5 led to decreased
focal adhesion numbers and migration in melanoma cells (Figure 2.6). Next, | examined whether
inhibition of both YAP and TAZ through the use of small molecule inhibitor Verteporfin could
reduce melanoma progression in vivo. My findings showed that while Verteporfin reduced
melanoma migration (Figure 3.2), cell numbers (Figure 3.2), and both YAP and TAZ levels in
cell culture (Figure 3.1), treatment in a transgenic melanoma murine model with a focus on
clinically relevant drug levels did not inhibit tumor initiation, progression, or YAP/TAZ protein
levels (Figure 3.6). Additionally, | found that Verteporfin treatment did not phenocopy dual
YAP/TAZ knockdown (Figure 3.4). My findings are novel as they reveal stark differences in

how YAP and TAZ drive melanoma, with YAP playing a predominantly larger role despite its
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lower expression levels. Furthermore, my work on Verteporfin revealed that treatment with the
small molecule inhibitor did not mirror direct YAP and TAZ inhibition as it resulted in
significant differences in cellular morphology. This suggests off target effects of Verteporfin,
limiting its therapeutic potential as a YAP and TAZ inhibitor.

In summary, these studies provide a foundation that YAP and TAZ have differential roles
in melanoma, and that inhibition of YAP could provide a solid strategy for melanoma
therapeutics. For the remainder of this last chapter, I will elaborate on potential future directions

and how this could impact YAP/TAZ targeted therapeutics in melanoma.

4.2 MATERIALS AND METHODS
Immunoprecipitation —

To generate immunoprecipitation lysates for mass spec analysis, mel537 cells were
sonicated in mPER lysis buffer (ThermoFisher Catalog #78501) supplemented with Halt Protease
Inhibitor (ThermoFisher Catalog #78429). Immunoprecipitations with PureProteome Magnetic
A/G beads using antibodies for YAP (Abcam catalog ab52771), TAZ (Sigma Aldrich Catalog #
MABS1913), or normal human IgG (Sigma) were followed according to manufacturers’

instructions for direct immunoprecipitations.

Tandem mass spectroscopy —
Immunoprecipitated lysates for YAP and TAZ were run on 3-15% Bis-Tris gels (Bio-
Rad) and subsequently Coomassie stained (Biorad Catalog # 1610436) according to

manufactures’ instructions to ensure quality and quantity of immunoprecitated lysates. The gels

82



were then destained (Biorad Catalog #1610438) and excised into two sections per
immunoprecipitated group, with each section corresponding to either 25-60 kd or 60-160 kd
sizes. The resulting gel slices were submitted to Harvard Medical School’s Taplin Mass

Spectrocopy Facility (https://taplin.med.harvard.edu/home) for analysis.

4.3 How does YAP drive ARPC5 expression in melanoma?

In chapter 2, | explored downstream transcriptomic differences between YAP and TAZ in
melanoma. RNA-sequencing revealed that ARP2/3 complex member ARPC5 is downregulated
with YAP, but not TAZ, inhibition (Figure 2.4). | found this YAP specific downregulation of
ARPCS5 expression to be recapitulated in a panel of melanoma cells (Figure 2.5). However, it is
unclear exactly how YAP drives expression of ARPC5. Does YAP drive expression of ARPC5
directly or indirectly? Here, we will explore this possibility in depth.

YAP and TAZ have been demonstrated to drive oncogenic growth by mostly acting
through distal enhancers, located greater than 100,000 base pairs away from the target promoter,
that form chromatin loops to induce contact and gene expression of the enhancers with the target
promoters and genes respectively (Zanconato et al. 2015). In liver cancer cells, YAP drives
oncogenic growth through binding to TEAD and subsequent recruitment of the Mediator
complex through the MED12 subunit to drive transcriptional elongation (Galli et al. 2015). The
mediator complex consists of ~30 subunits that drive various cell processes, including cancer cell
proliferation and progression, by inducing transcription of downstream targets through
associations with transcription factors, chromatin regulators, and RNA polymerase 11 (Schiano et

al. 2014; Yin and Wang 2014) . While the authors hypothesize that YAP and TAZ both contain
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the ability to link distal enhancers to the Mediator complex to drive transcription, TAZ is not
directly investigated. This suggest several mechanisms by which YAP could function differently
from TAZ in our melanoma cells: (1) While YAP and TAZ can both bind TEAD, only YAP is
able to bind the Mediator complex at a distal enhancer to directly drive expression of ARPC5;

(2) YAP, but not TAZ, can bind an unknown transcription factor at a distal enhancer to directly
drive expression of ARPC5 through the Mediator complex; (3) YAP does not directly regulate
expression of ARPC5, but rather controls expression through another Y AP specific factor that
directly regulates ARPC5 expression.

The first mechanism is that only YAP contains the ability to bind the Mediator complex
in melanoma. YAP would bind to TEAD which then binds to a distal enhancer of ARPC5. YAP
interaction with the Mediator complex via the MED12 subunit subsequently recruits RNA pol Il
to promote ARPC5 expression. One potential caveat to this hypothesis is that TAZ was
demonstrated to interact with MED15, another member of the mediator complex, in HEK-293T
cells (Varelas et al. 2008). While it is a large 30 subunit complex, the Mediator complex is
divided into 4 main modules (head, tail, middle, and CDK8 kinase) where MED15 is a subunit of
the tail module and MED12 a subunit of the CDK8 kinase module (Bourbon 2008; Tsai et al.
2014). The head/middle modules are implicated to act as the essential modules in driving
transcriptional regulation, whereas the tail and CDK8 kinase modules act as regulatory modules
in (Soutourina 2018). Furthermore, the composition of the modules is variable, allowing for
functional flexibility (Poss, Ebmeier, and Taatjes 2013; Allen and Taatjes 2015). Therefore,
while YAP and TAZ have been shown to bind to Mediator complex subunits in different cell

settings, it is still possible that Y AP exclusively binds the Mediator complex in melanoma.
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The second mechanism is that YAP interacts with an unknown transcription factor
besides TEAD that TAZ cannot bind. YAP could bind another transcription factor through a
Y AP specific domain, which in turn causes YAP to recruit the mediator complex to the distal
enhancer to drive ARPC5 expression. While YAP and TAZ share over 60% similarities, YAP
possesses unique regions that are not found in TAZ, such as an SH3 binding domain and a
proline rich peptide. As TAZ could not bind the unknown transcription factor, only YAP
mediated recruitment to the distal promoter could drive ARPC5 expression.

To examine which of the two hypotheses above is correct, we would first perform Hi-C
analysis to specifically identify distal enhancers of the ARPC5 transcriptional start site.
Subsequent ChlIP analysis for YAP and MED12 would indicate which enhancers contain both
YAP and MED12 interaction. Sequence analysis for the distal enhancers could determine if any
of the enhancers have TEAD binding sites, and luciferase assays comparing those enhancer sites
with wild-type or mutant TEAD binding elements would determine whether those TEAD
binding sites were active. Lastly, we would perform separate co-immunoprecipitation assays
with YAP and TAZ to determine their binding to MED12 or other mediator complex proteins in
melanoma cells. If both YAP and TAZ are able to bind MED12 and there are no TEAD binding
sites on the distal enhancers, this suggests that YAP must be binding another transcription factor
to recruit the mediator complex. If only YAP is able to bind MED12 and there are active TEAD
binding sites on the distal enhancers, then this suggests that YAP drives ARPC5 expression
through unique binding to the mediator complex. If the enhancers contain TEAD binding sites
and both YAP/TAZ bind the mediator complex, then it is possible that there are additional

binding sites for non-TEAD transcription factors on the distal enhancers. To investigate this
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possibility, we would identify potential Y AP binding partners by enriching for nuclei in
melanoma cells followed by separate immunoprecipitation assays for YAP and TAZ, and
subsequent tandem mass spectrometry (MS/MS) analysis. Any transcription factors that are
unique to the YAP, but not TAZ, MS/MS group would be a potential candidate for YAP to bind
with to drive ARPCS5 through the distal enhancer. Analysis of the DNA binding elements for the
MS/MS discovered Y AP transcription factors would show whether or not those elements are on
the distal enhancer. If they are, those transcription factors could all be driving ARPC5
expression. Subsequent knockdowns for those transcription factors and an examination of
ARPCS5 expression would reveal whether or not those candidates are upstream of ARPC5.
Lastly, the third possible situation is that YAP controls expression of ARPC5 indirectly.
One way to initially examine this would be to search for known regulators of ARPC5 in our
YAP knockdown RNA-sequencing results. Regardless of which theory holds true, the results

would provide novel mechanisms for YAP specific regulation of ARPC5 in melanoma.

4.4 Do other YAP specific targets play major roles in melanoma progression and/or
survival?

The results of the RNA-sequencing in chapter 2 (Figure 2.4) demonstrated that YAP and
TAZ regulate different transcriptomes in melanoma, and that there is generally very little overlap
between them. In chapter 2, | took an in-depth examination of the YAP specific target ARPCS.
However, ARPC5 is only 1 of the 264 Y AP specific genes from the RNA-sequencing
experiment (Figure 2.4). Furthermore, pathway analysis of the 264 genes revealed high

enrichment of genes involved in cell growth and proliferation (Figure 2.4). As YAP inhibition
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resulted in decreased melanoma cell numbers and direct ARPC5 inhibition did not alter
melanoma cell numbers, it is reasonable to postulate that other Y AP specific genes are regulating
cell growth and proliferation. Here, we explore the hypothesis that the genes BIRC5 and DUSP,
both of whose expression is altered only with YAP, but not TAZ, inhibition, is controlling
melanoma progression and survival.

In other cancers, BIRC5 and DUSP5 have already been implicated in driving several
aspects of carcinoma progression, including cancer cell growth (Dual Specificity Phosphatase 5 -
DUSP5) and survival (Baculoviral IAP Repeat Containing 5 - BIRC5) (X. Y. Wang et al. 2020;
Fiziev et al. 2017; Dai et al. 2020; Wu et al. 2020). While our results indicate that these genes are
downregulated in melanoma after inhibition of YAP, we have yet to validate them in other
melanoma cell lines. To examine this possibility, we would first knockdown YAP, TAZ, and
YAP/TAZ in a panel of human melanoma cell lines to examine whether BIRC5 and/or DUSP5
are similarly downregulated in a YAP specific manner. Once we have determined whether
BIRCS5, DUSP5, or both BIRC5/DUSP5 are downregulated across a panel of melanoma lines, we
would take a gene specific approach to investigate the ability of these genes to control melanoma
cell numbers.

Baculoviral IAP repeat-containing protein 5 (BIRC5) acts as an inhibitor of apoptosis.

Y AP inhibition results in a decrease in melanoma cell numbers. Thus, it is possible that
downregulation of BIRCS5 is responsible for the decreased cell number phenotype. First, | would
need to directly inhibit BIRCS5 to investigate whether the decrease in cell number from YAP is
through downregulation of BIRCS. If cell numbers are decreased with direct inhibition of
BIRCS5, I would then assay for apoptosis through a measurement of caspase 3/7 activity. If direct
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inhibition of BIRCS5 and direct inhibition of YAP both led to an increase in apoptosis, | would
then attempt to rescue the decreased cell number phenotype in our YAP inhibited cells with
exogeneous expression of BIRC5 to conclusively demonstrate that Y AP controls melanoma cell
numbers through regulation of BIRC5. Being the fourth most upregulated mRNA in human
cancers, BIRC5 serves as a potentially attractive target in cancer therapeutics (Velculescu et al.
1999; Wheatley and Altieri 2019). Despite the extensive studies into BIRC5 regulation and
function since its discovery over 20 years ago, there are no known BIRCS5 targeted cancer
therapies in the clinic (Li, Aljahdali, and Ling 2019; Wheatley and Altieri 2019). Thus, it would
be interesting to investigate its potential regulation by YAP in melanoma, providing a potential
therapeutic avenue to target BIRC5 indirectly.

One function of Dual specificity protein phosphatase 5 (DUSP5) is to negatively regulate
the MAPK pathway through its interaction with the ERK1/2 MAP kinases (Buffet et al. 2015).
The Mitogen Activated Protein Kinase (MAPK) pathway has been shown to play key roles in
melanoma growth and progression. In fact, ~50% and ~15% of all melanoma patients carry a
mutation to two key MAPK pathway members, BRAF and NRAS respectively (Davies et al.
2002). Both mutations are activating mutations that drive melanoma cell growth and
proliferation. Furthermore, activation of YAP has been implicated in helping melanoma cells
gain BRAF inhibitor resistance (Fisher et al. 2017; M. H. Kim et al. 2016b). As DUSP5 is able to
negatively regulate the MAPK pathway by acting as a phosphatase for MAPK pathway
members, we hypothesize that YAP can drive melanoma proliferation through its negative
regulation of DUSP5 (C. Y. Huang and Tan 2012; Kucharska et al. 2009). To test this

hypothesis, | would first assay for MAPK activity in YAP inhibited melanoma cells by testing
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for an increase in ERK1/2 phosphorylation. If MAPK activity is reduced, | would then directly
inhibit DUSP5 to see if | get similar results to YAP inhibition. An additional rescue experiment
for MAPK activity with endogenous expression of DUSP5 in YAP inhibited cells would provide
further proof that YAP is exerting its effect on the MAPK pathway through DUSP5. Lastly, |
would examine whether cell growth is increased using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) proliferation assays in both DUSP5 and Y AP inhibited cells. If the
experiment results in decreased cell growth due to inhibition of DUSP5 and ERK1/2
phosphorylation is increased, this would suggest that Y AP helps to drive melanoma cell
proliferation via the MAPK pathway through negative regulation of DUSP5. Similar to BIRCS5,
elucidation of this potential pathway could provide a therapeutic avenue for inhibition of
melanoma growth through targeting YAP.

While it is intriguing to hypothesize that either DUSP5 or BIRCS is the sole regulator in
controlling cell numbers, it is more likely that YAP controls melanoma cell numbers through the
regulation of both BIRC5 and DUSP5, as well as others not discussed here. It will be interesting
to examine to what extent Y AP regulated targets are able to drive melanoma cell growth and

how many Y AP unique genes are involved in this process.

4.5 Does YAP differentially regulate melanoma through YAP specific binding partners?
While my investigation into YAP and TAZ differences have demonstrated that the two
cofactors have differential functions and transcriptomes in melanoma, how they are able to have
differing functions is not addressed. In chapter 1, | reviewed overlapping and unique domains
that YAP and TAZ contain. As YAP and TAZ exert many of their downstream transcriptional
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effects and are regulated through interactions with other transcription factors, it is likely that the
two transcriptional coregulators are able to differentially regulate melanoma through their unique
protein binding domains. | performed Mass Spectrometry analysis on separate YAP and TAZ
immunoprecipitated lysates to reveal unique YAP and TAZ binding partners. While there are a
large number of overlapping interacting partners between the two cofactors, there are an even
larger amount of YAP specific proteins (Figure 4.1A). This could be due to YAP containing
larger numbers of unique protein domains and motifs. As detailed in chapter 2, | found that
melanoma cell morphology and focal adhesion numbers were altered in a Y AP specific manner.
A closer examination of the MS/MS results revealed 13 actin regulating and 8 tubulin binding
proteins respectively. Furthermore, 5 out of the 13 actin binding proteins have SH3 domains
(Figure 4.1B). Taking into account that YAP, but not TAZ, contains a SH3 binding protein
domain, these proteins could be novel binding partners with YAP. As described in chapter 1,

Y AP can both regulate the actin cytoskeleton, as well as be regulated by the actin cytoskeleton.
While YAP activity is usually described in a transcriptional manner, there is evidence that YAP
can regulate cellular functions through non-transcriptional mechanisms. In D. melanogaster
development, YKki promotes myosin activation at the cell cortex in to increase cellular tension
and subsequent Yki activation independent of its transcriptional activity (J. Xu et al. 2018).
Furthermore, cytoplasmic YAP and TAZ can inhibit TGF-B-SMAD signaling (Varelas,
Samavarchi-Tehrani, et al. 2010). Thus, it is plausible that any of the five actin modifiers could
be regulated by YAP or function in regulating Y AP localization. To examine this theory, | would
first perform co-immunoprecipitation experiments for YAP and any of the actin modifiers
containing the SH3 binding domains to determine if MS/MS results can be recapitulated in other
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cell lines. If any of the actin modifiers pulldown with YAP, | could next determine whether this
binding is through the SH3 binding element on Y AP by exogenously expressing a GFP-YAP A
SH3 and performing immunoprecipitation assays for GFP and probing for the specific actin
modifier. If the SH3 domain is not responsible for YAP is binding to these actin modifiers, we
could perform deletion analysis of the YAP protein until the YAP-actin modifier interactions are
lost to determine which domains are responsible for the interaction. Additionally, a comparison
of GFP-YAP localization to GFP-YAP A SH3 would help to determine where these interactions
could be exerting their effects in YAP melanoma biology. Lastly, attempting to rescue the YAP
phenotypes with expression of YAP A SH3, or whichever domain was shown to be crucial for
the YAP-actin modifier interaction, would determine which of the YAP phenotypes are regulated
by their theoretical binding. These findings could potentially reveal novel ways that YAP, but
not TAZ, exerts its effect on the actin cytoskeleton. Conversely, it could also reveal novel ways
that YAP is regulated by the actin cytoskeleton. Regardless, elucidation of these YAP novel

interactions will help to provide further clarity into how YAP uniquely drives melanoma.
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Figure 4.1: Mass Spectrometry analysis reveals unique YAP and TAZ binding partners with
SH3 binding domains. (A) Venn Diagram schematic representing the total numbers of unique
protein hits from tandem mass spectroscopy analysis of separate YAP and TAZ
immunoprecipitations. (B) List of cytoskeleton binding or regulating proteins from the YAP
specific proteins group. Highlighted in yellow are proteins that contain SH3 domains.
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4.6 Are YAP and TAZ viable targets for melanoma therapeutics?

In Chapter 1, | reviewed several current therapies for melanoma. While many
transcription factors have been demonstrated to play active roles in driving melanoma
progression and survival, transcription factors have been historically hard to target (Bushweller
2019). One way around this problem is to target key effector genes. This makes the
transcriptional cofactors YAP and TAZ suitable therapeutic targets. Small molecule inhibitor
Verteporfin disrupts YAP and TAZ interaction with TEAD proteins in vitro (Liu-Chittenden et
al. 2012). Therefore, we examined the effect of Verteporfin on melanoma cells and a melanoma
mouse model. Early results were promising, as Verteporfin treatment resulted in reduced
melanoma migration (Figure 3.2), cell numbers (Figure 3.2), and both YAP and TAZ levels in
cell culture (Figure 3.1). While others had shown decreased tumor growth in orthotopic mouse
models, we wanted to simulate clinical conditions as closely as possible. But through the use of a
transgenic melanoma mouse model (Braf®”; Tyr-CreERT2; Pten™), I found that treatment at
clinically relevant levels with Verteporfin did not reduce melanoma initiation of progression
(Figure 3.6). While my studies revealed that Verteporfin did not inhibit melanoma progression
or initiation under our conditions, it does not conclusively prove that YAP and/or TAZ are not
viable therapeutic targets. As dual YAP/TAZ knockdown did not phenocopy Verteporfin
treatment, it is possible that Verteporfin has off target effects. Targeted therapies are becoming
more and more prevalent in modern medicine. As such, it is imperative that newer generation
therapeutic avenues limit off target properties which could have unwanted side effects for the
patient. Aside from their described roles in cancer, YAP and TAZ are implicated in playing
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redundant roles in stem cell regulation, wound repair, and normal tissue homeostasis (Varelas
2014; Moroishi et al. 2015; M. J. Lee et al. 2014; D. Han et al. 2015; Elbediwy et al. 2016). YAP
specific therapies could inhibit Y AP specific functions driving melanoma but allow TAZ to
compensate for any essential functions in normal tissues. Taking into account my experimental
results from Chapter 2, it is plausible that targeting Y AP alone is a more robust plan in designing

melanoma therapies.

4.7 Concluding Remarks

In my dissertation research, | elucidated functional differences between YAP and TAZ in human
melanoma. | also identified a novel Y AP unique downstream protein in ARPC5 that regulates
melanoma cell migration and focal adhesion numbers in melanoma. Furthermore, I have also
shown that Verteporfin, a small molecule inhibitor demonstrated to disrupt YAP/TAZ-TEAD
interaction in vitro, does not appear efficacious in inhibiting melanoma progression and survival
in a murine melanoma model. Taken together, these studies provide new insights into how YAP
and TAZ differ in melanoma. YAP is shown to play a larger role in melanoma growth and
survival than TAZ. As such, targeting just YAP, as opposed to both YAP and TAZ, would
provide more benefit to the patient as it could potentially limit any unwanted side effects that
inhibition of TAZ could have in the patient. It will be beneficial to elucidate other potential
differences between YAP and TAZ in their regulation of melanoma and other cancers to provide

a sturdier foundation for designing Y AP and/or TAZ targeted therapies.
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